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PREFACE 


In 1902 I wjvs aslccHl by the Prcaidcnt of tbo 
luatitutioii of Elootrioal Engiiiwu’s to give to that 
body a diacoiivao on rcccsnt progreas towards know- 
ledge of tlio nature of Electric, ity, especially con- 
cerning ite diseontitmous or atomic atructure. This 
discourse,, greatly extended, appeared in Vol. 82 of 
the Journal of tlio Institution, and constitutes the 
nucleus of the present book. 

Many additions hnv(\ now been made, and some 
of the di{Iieultie.s recently promulgated concerning 
the possibility of an electric theory of matter arc 
touolicd upon. They are of date too recent to have 
been mentioned even in my ‘Tiomanes Lecture" 
before the University of Oxford, published under 
the title Modem Views of Matter by the Clarendon 
Press. 

The most inii)ortant addition is a more de.tailed 
account of the proof of the purely electrical nature 
of the mass or inertia of an electron : an investi- 
gation generally associated on the experimental 
side with the name of Kaufmann, but of course 
based f)n the work of many prodccjjssors and eon- 
temporaric^H. A proof that the atom of mattxsr is 
essentially csomposed of suesh eleetroiiH, and that 
its mms too is of purely electromagnetic nature, 
is lacking: the eleetromagnotie theory of Matter, 
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PREFACE 


unlike tke electromagnetic theory of Light, roust 1 
regarded for the present as no better than a workin 
hypothesis. It is a hypothesis of stimulating cLa; 
acter, and of great probability, but its truth is sti 
an open question that is probably not going to I 
speedily closed. 

I am indebted to Professor Larmor for informatic 
about some recent theoretical work, and for tl 
substance of Appendix M ; I have also to thank M 
Gwilym Owen, of the University of Liverpool, f< 
assistance in the revision of the proof. 

As an introduction to an allied subject, the boc 
called Becquerel Rays, by the Hon. E. J. Strut 
is to be recommended; and the standard treatii 
of Professor Rutherford on Radioactivity is we 
known. I have avoided dealing at length wii 
the topics so conveniently to be found in thei 
writings. I have also barely touched on the lar^ 
subject of ‘ ionisation ’ : it was difficult to do f 
without overloading the principles with detail, 
knowledge of which is nevertheless necessary fc 
investigators. The treatise of Prof. J. X Thomsoi 
The Discharge of Electricity through Gases, cor 
tains a mass of information and original wor 
highly valued by physicists. 

The present book is intended throughout fc 
students of general physics, and in places for special 
ists, but most of it may be taken as an exposition c 
a subject of inevitable interest to all educated men. 

OLIVER LODGK 

The XJNivERsrrv or Birmingham, 

July, 1906. 
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INTEODUCTION 


In Maxwell’s Electricity published in 1873, section 
57, the following sentence occurs in connection with 
the discharge of electricity through gases, especially 
through rarefied gases : 

“ These and many other phenomena of elec- 
trical discharge are exceedingly important, and, 
when they are better understood, ^{they^will 
probably throw great light on the nati|^l!ofi 
electricity as well as on the nature of gas€^ a^d 
of the medium pervading space.” ^ 

This prediction has been amply justified by: 'ihe 
progress of science, and, no doubt, -still ^rthex 
possibilities of advance lie in the saiye dirfetiom 
The study of conduction through liquids, fir^' andi 
the study of conduction through gasejs, nex^ com*-’, 
bined with a study of the processes involyed in 
radiation, have resulted in an immense addiction to- 
our knowledge of late years, and have ^opened/ a new 



to enhance the importance of a study of 
statics. Not long ago our brilliant and 1 
friend, Gr. F. FitzGerald, used chaftingly t 
of electrostatics as “one of the most bcaul 
useless adaptations of nature ” ; and it was I 
the custom with teachers, who felt that th 
attend exclusively to the practically useful 
waste their students’ time on decoration an 
fiuities, almost to ignore, or at any rate to 
through, the domain of electrostatics, and 
the study of electricity with the pheno 
current, especially with the connection 
electricity and magnetism. 

And certainly from the severely practif 
of view, as well as from many other asp( 
part of electrical science remains the mos 
tant; but to him who would not onl} 
dynamos and large-scale machinery, to him 
addition to the training and aptitude 
engineer, possesses something of the inten 
instinct, and the insight, of a man of seiu 
such a one the nature and propertie,.s of an 
charge, at rest and in motion, constitute a 
ing study; for there lies the k('.y to tl; 
meaning of all th$ occurrences with which h 
life is so intimately concerned— -there 1 
proximate solution of problems whicli have 
the attention and taxed the ingenuity o 
sophers and physicists and chcmi.sts for im 
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broader and more fundamental than those known 
as ‘ electric ’ are indirectly involved ; and we are 
now beginning to have some hope of obtaining 
unexpected answers to riddles — such as those con- 
cerning the fundamental properties of matter — which 
have proposed themselves for solution throughout 
the history of civilisation. Problems of this kind 
have aroused interest and attention ever since men 
began to escape from the struggle for bare exist- 
ence — that most immediately practical of all occupa- 
tions — and felt free to devote themselves, some to 
art, some to literature, some to the accumulation 
of superfluous wealth, and some to the gratuitous 
pursuit of philosophical speculation, exact experi- 
ment, and pure theory. To this comparatively 
leisured group I now address myself 


MEANING OF TERMS AND SYMBOLS AS 
IN THIS BOOK. 

Electron =» the unit electric charge, or atom of negative 
e =the amount of this charge, whether posith 
tive; about ■■thHrd~i“_^octrostatic unit. 
E =an electromoti^'e^J^H‘ce*,'^or the strength of 
field. 

H = tlie strengfcli of a magnetic field, 
m =mass or inertia, especially the mass of au el 
a = usually, the linear dimension of an electron 
hundred-thousandth of 5). 
h = the linear dimension of an atom of matte’ 
millionth of a millimotro). 
ion =an atom of matter with an un])alancod (slofji 
either negative or positive, attached 
cause of chemical afiinity. 

K == Faraday’s dielectric constant, or tlie specifi 
capacity of free ether. 

»the magnetic permeability of free ether. 
[These two are the great ethereal (Uiiwtn 
value and nature are not yet known, < 
product is known.] 

V *=the velocity of light in vnem l/V(/‘«) 

X 10^^ era. per S(H5, 
u, ■= the velocity of a particle. 


CHAPTER I. 

PEOPEETIES OF AN ELECTRIC CHARGE. 

First I must lay a basis of pure theory : we must 
consider the properties of the ancient and long known 
phenomenon called an electrified body. 

Two substances placed in intimate contact and 
separated are in general united more or less per- 
manently by lines of force, the region between them 
being in a state of tension along the lines and of 
pressure at right anglea These lines have direction 
and ‘ sense ’ — ^their two ends are not _ alike ; they 
begin at one body and end at another, they map out 
a field of electrostatic force, and their terminations on 
one or other of the bodies constitute what we call 
an electric charge. Electric charges are of two kinds, 
positive and negative, the former corresponding to 
the beginning of the lines, the latter to their ends. 
To one class of bodies, called insulators, the lines 
appear rigidly attached : the charges cannot be dis- 
placed nor transferred elsewhere without violence ; 
whereas in another class they slip easily along, and 
are transferred from one such conducting body to 
another in contact with it, with srreat ease. 




represent all that is observed as clcetrioal at 
and repulsions. 

The field of force mapped by the lines c 
in vacuo perfectly well, but the lines never t 
in vacuo ; the charges are always carried b}' 
or by something equivalent thereto. In ein] 
it is probable that the only way of destroy! n 
field of force is to allow the two bodies posse! 
charges to approach each other, and thus sh 
the lines to nothing ; though, even so, it is i 
able that the charges are destroyed, but onl 
so close together that they have no extern 
at any moderate distance. When matter is 
however, it may be able to assist this collap; 
lines in various ways, giving rise to the 
phenomena of conduction and of disruptive d 

If one of the two oppositely charg('d Ixxlie 
away to a considerable distance, while tln^ 
isolated and regarded alone, the liiu's of th 
start out in all directions in nearly sti-aigl 
giving rise to the simple notion of a singlt! 
body. There must however be a coinplc 
charge, — the other ends of the. lint's tnusl. h 
where ; though they may be so fjir away a 
spoken of as, for all practical purposes, at inli 

Parenthetical remark of (jeiirral app, 
People often feel hesifaition' about the. (refU 
things as at infinity, as if it introdiuu'd a eoi 
of some difficulty; but they should realise t 
mode of expression is always eniployetl as ti s 
cation, whenever it liappt'us that, for present [ 
the said things can be ignoi-ed. If t.heir e 
requires attention, it must he rt'.eognistnl ih 
are really at some finite distane.e, and their 


both ideas and equations. Whenever attention to 
them is unnecessary, or their location immaterial, this 
specification is avoided by treating them practically 
as if they were at infinity, that is by ignoring them. 
Every now and then this policy of ignoration must 
be suspended, but for a multiplicity of purposes it 
serves. 

Charge in uniform motion. 

Now consider how far this field of force belongs to 
the body, and how far it belongs to space, that is to 
the other surrounding the body. The body is the 
nucleus whence the lines radiate, but the lines them- 
selves, the state of tension and other properties which 
they represent and map out, do not belong to the 
body at all ; at each point of space there is a peculiar 
etherial condition called an electric potential, and this 
potential reprcisents something occurring in the ether 
and in the other alone, though it is originated and 
maintained by the body. 

Picture'- in the. mind’s eye such a charged body, say 
a charged sphere, and let it change its position ; how 
are we to rc'gard tln^ clfec-t of the displacement on its 
field of forc('. ? h'ew things in physi(is are more certain 
than this, that when a body move's along, the other 
in its m'.ighbourhood is not draggc'.d witli it, as if it 
were in the slight('-st degree viscous. * The ether, in 
fact, as a whohs — i.e. when unmodified or in its 
normal condition — is stationary : it is susceptible to 
strain, but not to motion ; it is the receptacle of 
potential, not of locomotive, kinetic energy. The only 
generated motion to whi('-h it is possibly susceptible is 
of what is c.alh'.d ‘ irrotational ’ e-haracter- — in other 
wortls it behaves as a perfect fluid. It may possess 
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other rotational, or vortex-likc motion, but, if so, it is 
indestructible and unproducible by any known means, 
and has not yet been discovered. 

The effect of the motion of the body, then, is to 
relieve the strain of the ether at one place and. to 
generate it at another; the state of strain travels 
with the body, but through the ether. 

Regarding the matter from the point of view of 
the ether, we might say that the field of force is 
constantly being destroyed and regenerated as the 
body moves. Regarding it from the point of view 
of the moving body, we should say that it carries its 
field with it. 

The question now arises — and it is far from being 
an easy question — what sort of occurrences go on in 
the ether when this decay and regeneration of an 
electrostatic field is occurring, or when a field of force 
is moving through it ? Can it adapt itself instantly 
to the new conditions, or docs it require time ? This 
matter has been studied, closely and exhaustively, by 
Mr. Oliver Heaviside. 

Fix the eye upon a point a mile distant from the 
body; does the information about the motion of the 
body reach that point instantaneously, so tliat all the 
lines of force move like absolutely rigid spokes, every 
part simultaneously? If so, how is the communi- 
cation carried on, so that the distant parts of tlu'. 
medium can be thus instantaneously atriH^ted ? (Jr 
does the disturbance only arrive at the distant point 
after the lapse of a small but appreciabb*. time ; in 
other words, has there to l)c an adjustment to th(‘. 
new conditions — an adjustment which reaches the. 
nearest parts first and the further [)artH lattu' ; an<l if 
so, what additional phenomena can he ob.served 
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The answer is that during the motion of the 
charged body, and even after the cessation of its 
motion, — until the disturbance has had time to die 
away and everything to settle down into static con- 
dition again, — the phenomena of magnetism make 
their appearance : a new set of lines of force quite 
different from the electrostatic lines (although they, 
too, exhibit a tension along them and a pressure at 
right angles) come into temporary being. These do 
not — ^like the electric ones — originate at one place 
and terminate at another ; they are always and 
necessarily closed curves or rings, and in the present 
simple case they are circles all centred upon the path 
of motion of the charged body. At any point of space 
there are now three directions to consider : (1) there 
is the original direction of the electrostatic field — the 
original electric line of force ; (2) there is the direction 
of the motion — that is, a direction parallel to the 
movement of the charged sphere ; and (3) there is the 
direction at right angles to these two ; this last being 
the direction of the magnetic lines of force — ^the 
direction of the magnetic field. 

I spoke of the magnetic field as temporary, but 
that is on the assumption that the charged body is 
merely displaced — merely shifted from one position to 
another; if it is not stopped, but keeps on moving, 
then the magnetic lines continue as long as the 
motion lasts. The strength of the magnetic field, 
at any point with polar coordinates r, 0, is — 

H = sm 0. 

If we are asked whether such a magnetic field is 
weak or not, I have to reply that that depends 
entirelv on how strong the charge is and how auicklv 
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it is moving. There is, in my opinion, n 
kind of magnetic field possil)le ; and so it 
come across a magnetic field which wc fiu'l 
to consider “strong,” wc must conohulc tl: 
associated with the motion of a very con.' 
charge, at a velocity we may properly sty I 
But certainly it is true that for any ordinary 
sphere, moving at any ordinary pace, — cvmi si 
that it is a cannon-ball shot from the mot 
gun — the concentric circular magnetic fii 
rounding its trajectory is decidedly feeble, 
or not, it is there, and to its existence wo m 
all the magnetic phenomena of the electric cu 

For just as there is no electrostatic field a 
extending from one charged body to anr 
there is no electric current except the motioi 
a charged body, and no magnetic field exc 
which surrounds the path of tliis motion. 

The locomotion of an electric charge is m: 
current, and the magnetic field siu'roundi 
current is believed to be the oidy kind of i 
field in existence. If any other vai-iety is 
the burden of proof rests on tlioso who m 
positive assertion. 

Transmission of Energy. 

While the charge is stationary every! king i,' 
and we have an electric field only. 

While the charge is moving at consPuit s] 
current is steady, and wo have a .stuaidy n 
field superposed upon a steadily moving eh‘cti 
there is likewise a certain conveyance of mi 
the direction of the motion. 

This is a special ca.se of the geju'ral 




and a magnetic field are superposed there cannot 
be static equilibrium at that place, energy must flow 
through the medium ; and the rate of transfer of 
energy — the amount conveyed per second through 
unit area — is equal to l/47r times the vector product of 
the intensity of the two fields : that is to say, it is 
measured by the area of the parallelogram bounded 
by lines representing the two fields in magnitude and 
direction ; a quantity commonly expressed as 

V(EH), or [EH], or ns EH sin 0, 

where 6 is the angle between E and H. 

The direction of propagation of energy is normal 
to that same area, and its ‘ sense ’ or sign depends 
upon the sense of the two iichls. If both were 
reversed, the sense of the transmission of energy 
would continue unehanged ; and its amount remains 
constant so long as the fields are constant, that is 
so long us the current is steady. Another way of 
expressing the facts is to say that the space in which 
two fields arc suj)erpo.scd is full of mometitum ; and 
that the moment of momentum appropriate to a pole 
m and a charge e is simply em. 


Accelerated Charge. 

One more statement : 

So far wc have <lealt with the case of steady rest or 
steady motion ; but what about the intermediate 


stages, tin 


.stag(‘s of .starting and stopping ? What is 


the condition of thiiig.s afp^r the charge has Ix'gun to 
move but before it has attained a con.stanb speed, and 
again when the brake is apj^liod and thcs speed is 
decreasing, or wlum the direction of motion is chang- 


ing? What phenomena arc observable during the 
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curvature of path? Something more tha 
electrostatics and simple magnetism is then < 

For whenever a conductor is moved 
magnetic field it is well known that an elect 
force acts in that conductor, of magnitiule 
the rate at which magnetic lines of force a 
out ; or in symbols 

Jgj 

which is the fundamental ‘ dynamo ' equati< 
is called the phenomenon of magneto-elo 
duction; it is the induced K.M.P. discov 
Faraday, and it necessarily occurs whenovci 
tism and relative motion arc superposed. 

It is quite independent of the conduc 
the conductor however, and would have t 
value if the motion took place in an ; 
though of course it could not then proi 
same effect as regards conduction-currents. 

The effect of a conductor is to integrate 
up, the E.M.P.’s generated in cacli clcnumt 
its length, and thus to display the (‘.lfe.( 
obvious manner : especially when the com 
made very long and is compactly coihid ( 
armature). The definition of clcctromoti 
between two points A and B, or round ai 
contour, is— -the line-integral of ele.ctihi fieh 
to B, or round the same contour. In the \ 
path case it is measured by tiu'. dilferemui o 
potential between A and B. 

One of the easiest and most orrlinary 
superposing motion and magnetism, i.s Ut 
cause a magnetic field to vary in strcuigt 
a Euhmkorff coil) ; for then the lim's of fiu 
broadside on, expanding or contracting as 
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of induction — the generation of an induced E.M.F., 
of value at any point equal to the rate of change 
of the lines of magnetic force there. This is what 
happens whenever an electric charge is accelerated; 
for then its magnetic field — ^which, as we have seen, 
depends upon the velocity — necessarily changes in 
strength, and so an E-M-E. is induced. There being 
no conductor, this e.m.e. will propel no current, but it 
will represent an electric force which was not there 
before, and the new force will be in a new direc- 
tion ; the direction of an induced electric force is 
perpendicular to the direction in which the grow- 
ing magnetic lines are moving, which in the 
present case is outwards from the charge. Con- 
sequently the new or induced e.m.e. points in the 
direction of motion, though in the sense opposed 
to any change in it ; and the effect of the super- 
position of this new E.M.E. upon the already existing 
magnetic field is to cause a certain small transmission 
of energy in a radial direction out and away from 
the accelerated charge. Some energy therefore flashes 
away with the speed of light; and although in 
ordinary cases it may be an exceedingly small amount 
which is thus radiated into space, yet it is the only 
mode of generating radiation with which we are 
acquainted. 

It is from an electric charge during its epochs of 
acceleration or retardation that we get the pheno- 
menon called radiation ; it is this and this alone 
which excites ethereal waves, and gives us the 
different varieties of light. 

The energy radiated per second has been shown 
by Larmor to be 
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where v is the speed of light and u is the luuMdcration 
of the charge e. 

After this manner, though of course by means of 
a very extensive development of these fundamental 
ideas, are all the phenomena of electricity and mag- 
netism and optics summarised, and, so to speak, 
accounted for. 


NOTE. 

Let it be said here, once for all, that iii every case one or other 
of the two otherial constants, /x and /c, sliould he exhibited 
explicitly wherever it rightly occurs. If this be not dotie the 
dimensions of most expressions arc necessarily wrong ; and 
words have to be added about whether the units int(nul(‘d an^ 
e.g.s. or some other system, and likowiso whothc^r tiuy an^ 
electrostatic or electromagnetic. This latter <lotibl(\ system of 
measurement has served its turn, and still Rorv('H it ; but int I'insi* 
cally it is confusing, and lias lioou only ivmch'red m^eessary 
because we do not yet know the values, or even for (‘ortain the 
nature, of fx and k. It is to bo hoped that, no third systtmi > 
devised as an attempted escape from turn fusion, Imt really an 
intensification of fog— will over ho successfully attempted ; t hougli 
there are threats in that direction, owing to la(‘k of I’lear thinking. 

The explicit retention of the constants kiuips nvmy thing elt^ar 
and easy. For instance, the expression just above (pioted in 
essentially what it purports to bo, an energy divided by a time 



and is therefore true as it stands in every eomplete syKtern <ff 
units whatever. So also the oxpn^ssion <pioft‘d nmr the be 
ginning of the next chapter is esHcntmlly what // purports to be, 
namely, a mass or inertia; and tlie same may said of all otluu* 
expressions in this hook. 

The ordinary convention for nnmmahal HpiHufiratitm is, for 
electromagnetic e.g.s. units, to consider 1, for eleetrtmtatin 
units, to consider k = 1 ; and this (jonvumtion nucif hold until wti 
learn the real facts, liy future iliHcnvery: for whii-h dtaeovery 
continual familiarity with the unknown couHtania undcmbtedlv 


CHAPTER IL 

ELECTRIC INERTIA. 

Whatrvkr a cliufgo luay be, and whatever the 
physical constitution of the ether, it must l)e able 
to maintain clo(5trio lines and magnetic lines 
separately, and to transmit energy wherever both 
sets of lines coexist and cross each other. 

An acoclcrate.d charge is equivalent to a changing 
current, for dOldt may bo written d^jd-tK When- 
ever a current chang(',s it is w(',ll known that an k.m.f. 
of sell-induction is set up, c<|ual to IjdOjdt; and 
this electrical equation E = .Lfi (iorresponds to the 
mechanical equation F — mx, — Newton’s second law. 

Consider(id from the point oF view of a current as 
constituted by a moving charge, this self-induced or 
reaction n.M.i'’. corresponds or is analogous to a mass- 
acceleration. And the electrical acceleration is 
opposed by the E.M.P., just as the acceleration of 
matter i.s o])poscd by its mechanical inertia. The 
coeflicient of tlui elec, trie acceleration — commonly 
denoted by L-— represents therefore an inertia term, 
and is properly called ‘ole(;tric inertia.’ 


±2j XJXjAJIK^ X X.t>X\y A I' **• 

is opposed by tbe reaction of the magnetic lines 
generated by it. 

Motion is opposed while it is increasing in speed, 
and it is assisted while it is decreasing in spetid — 
an effect precisely analogous to ordinary nuiclmnicial 
inertia; — and therefore force is ncci!s.sary, and work 
must be done, either to start or to stop the. motion 
of a charged body. An e.rf.ra fore-e., that, is, by 
reason of its charge. Whatever ordinary intu'tia 
the body may have, considered as a pit'.c(>, of mul t.er, 
it has a trifle more by reason of its being chargisl 
with electricity — no matter what the. sign of its 
charge may be. 

The value of this imitation or electrical inertia, 
for the case of a charged aplioro of radius a, was 
calculated by J. J. Thomson in 1881, and is 

3a ' 

Electrical Inertia or Maxs, contiiined. 

Since this is very important, 1 r(!p(‘at : — 

Just as a changing magnetic, field an'eef.s an oleclro- 
static charge, — that is to sjiy g(>nerat.(‘s a f(•(‘ltl(‘ field 
of electric force, into the intensity of wliie.h tin- 
velocity of light enters squared in the dntmminali.r 
(see Lodge, Phil. Ma<j., dniH-. fHH!), p. .172), .ko it, 
is with a clmnging electric. fiel(i, it gcncniles u 
magnetic field proportional to iis velucity <if eliniige. 
And if it is being ae,(uileraf.i‘<l, the magnetic, lidii 
itself varies, and in that casi^ gcncratc.s an k. .m.k. 
which reacts upon the accelerated nmving chnrgi*, 
— always in such a way as to oppn.sc it.s motion - 
by what is called Leaz’s law, or simply hy th.- law 


tHe action and reaction would go on in- 
g tliemselves, until any amount of violence 
hed. 

Bgnetic lines generated by a rising current, 
by a positively accelerated charged body, 
5k upon the motion which produced them 
a way as to oppose it ; — to oppose it 
or elastically, not passively or sluggishly 
-Ction. The reaction ceases the instant the 
beconaes steady : it is not analogous to 
therefore, but to inertia ; it is the coefiB.- 
an acceleration term. 

agnetic lines generated by a falling current, 
by a negatively accelerated or retarded 
body, react oppositely, and tend to con- 
3 motion ; thus here also we have a term 
iding to inertia. And the charged body 
said to have extra momentum, by reason 
large, while it is moving. The value of 
lentum is proportional to the velocity, so 
the velocity is not excessively great ; and 
jly the inertia term is constant, t.e. inde- 
of speed, under the same restriction. It 
refore he considered to be in existence 
on the charge is stationary, and thus it 
i exactly the familiar mechanical inertia 
p of ordinary matter. 

tpendix A, is given the simplest form of 
ititative relations here indicated, and the 
ue to an electric charge is there calculated. 

> be understood that whatever inertia a 
sphere may possess, considered as matter, 
ossess more when it is charged with elec- 
and this no matter whether the charge 
Lvo or negative. The amount of extra or 


electrical inertia is proportional to the electrostatic 
energy of the charge: that is to say, it is pro- 
portional to the charge and its potential conjointly. 
Call the charge e, and the radius of the sphere c*., 
the potential will be e/^a (« being Faraday’tj 
dieleetric constant) ; and the appropriate inertia is 


m = 





where v is the velocity of light. (See Note at end 
of chap, i.) 

Another way of putting it is to say that if a 
real mass of this amount were moving with the 
speed of light, its kinetic energy would bo half as 
great again as the potential energy of tho elee.tTue. 
charge thus reckoned as mechanically equivalent 
to it; 

for i charge x potenlidl 

4 K(X 

=potential energy. 

Now any appreciable quantity of matter, cv(>n a 
milligramme, moving with tlie speed of light., inu.st 
have a prodigious amount of energy ; for, on the 
ordinary assumption that mass is quips constant, 
the energy of one milligramme rushing along with 
the light-speed would amount to no less than 
fifteen million foot-tons. Or as Sir William OrooktsH 
has expressed it: a gramme, or fiftecsn grains, of 
matter, moving with tho speed of light, wouhl have 
energy enough to lift the British Navy to the top 
of Ben Nevis. 

Consequently the inertia of any nnlituiry (juniit it.y 
of electric charge must be cxcceditigly miuufco. 


or not there really exists any other kind of inertia. 
The question whether there does or not is at 
present, strictly speaking, an open one. 


Effect of Concentration. 

The only way of conferring upon a given electric 
charge any appreciable mass, is to make its potential 
exceedingly high, that is to concentrate it on a 
very small sphere. 

A coulomb at the potential of a volt has an elec- 
trostatic energy of half a Joule, tliat is I x 10'^ ergs. 

The mass (bquivalcnt to this would be 


2 10 ^ _ 2 
3 9 X 10“® 27 


X 10-^* 


gramme = 10"'^ milligramme. 


Raise the potential to a million volts, and the 
mass-equivalent to a coulomb at that potential 
would bo the hmidrcdth part of a milligramme ; 
still barely appreciable therefore. 

The charge on an atom as observed in electrolysis 
is known to be lO"*® elcc.trostatic units.* If this 
wore disti'ibuted uniformly on a sphere the nominal 
size of an atom, viz., one 10"® eeniimetre in radius, 
its potential would be one hundredth of an elec- 
trostatic unit, or about 3 volts. Tlic energy of 
such a charge would be lO"’" erg, and the inertia 
of a body which would possc'ss this energy if moving 
at the speed of liglit would be 10"®® gramme; which 
would therefore, be- its elce.trical inertia or extra mass. 

But this is incomparably smaller tban the ma.ss 
of a hydrogen atom, whie.h is approximately 10"“^ 
gramme. Consequently the ioni(j charge distributed 
uniformly over an atom would add no appreciable 
fraction to its apparent mass. 
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If, however, the atomic charge were concentrated 
into a sphere of dimension 10'^® centimetre, its 
potential would be 1000 electrostatic units, or 
300,000 volts; its energy would then be 10"" erg, 
and its inertia 10"®® gramme, or about xc^oo I'he 
mass of a hydrogen atom. 

Summary. 

All this is a preliminary statement of uiuleniablo 
fact: that is to say of fact which follows from the 
received and established theory of Electritht.y, 
whether such things as electrons have over been 
found to exist or not. 

All that we have stated is true of an ordinary 
charge on any ordinary sphere which can be made 
to move by mechanical force applied to it. 

It gives us the phenomena 

of electrostatics when at rest, 
of magnetism when in motion, 
of radiation when its motion is alt(‘re(l ; 
and it incidentally, by reason of the. known law.s of 
electromagnetic induction, exhibits a kind of imitation 
inertia, and in that way simulate.s the po.s.si‘.s.sion of 
the most fundamental property of mattt:r. 

I will add a few more chwcly conn<‘c.(nd a-asertions, 
for later application : 

Apply a sufficiently violent k.m.f. to a eharged 
sphere, and the charge may be wrenched off it. 

Insert an obstacle in the. path of a violent ly moving 
charged sphere, so as to stop it mt‘chHni<-nIlv with 
sufficient suddenness, and again it is po.ssible for the 
charge, or something like it, to be jerked off it and 
passed on. But to do this the speed of tht* material 



excessive. Usually tlie charge is merely thrown into 
oscillation, when the sphere is suddenly stopped ; and 
it then enaits a solitary wave or spherical shell of thick- 
ness equal to the diameter of the sphere : or greater 
than that diameter by the amount the sphere has 
moved during its retardation. When the acceleration 
is moderate, however, the radiation is less energetic 
and also less intense : less energetic because its power 
depends on the square of the acceleration, less intense 
because it is spread over a thicker ethereal shell. 
Rontgen rays are perceptible only when the speed was 
great and the stoppage so sudden that the wave or 
pulse-shell is strong and thin (see chap. viii.). The 
thinner the pulses or wave shells the more penetrating 
they are. If thin enough they could traverse matter 
without affecting it or being affected by it. 

Historical Remarks. 

The doctrine of the behaviour of a charged sphere 
in motion, and the calculation of the value of the 
quasi inertia of an electric charge, was begun by 
Professor J. J. Thomson in an epoch-making paper 
published in the Philosophical Magazine for April, 
1881 — one of the most remarkable physical memoirs 
of our time. 

The stimulus to this investigation was supplied by 
those brilliant experiments of Crookes, published in 
the Philosophical Transobctions for 1879, which wers 
preceded by observations of Pliicker and Hittorf, and 
related to other observations by Goldstein, Spottis- 
wood and Moulton, and others, about the same period. 

In 1891 Sir William Crookes was President oi 
the Institution of Electrical Engineers, and in hij 
inaugural address he expounded further some of these 
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and many others had contributed. It is not too muc.h 
to say that up to the time of Crookc.s the plumomeiui 
of the vacuum tube were shrouded in (larkuess, not- 
withstanding much laborious and iiainstaking work 
done both in this country and on the Continent in 
connection with them ; but that since the researelies 
of Crookes in the seventies, the theoretical luniino.sity 
of the vacuum tube has steadily increased, until now, 
as Maxwell predicted, it is slushling light upon the 
whole domain of electrical science, and oven upon the 
constitution of matter itself. 



CHAPTER in. 

FORESTIAPOWINft OF TIIIO ATOM OR INDIVISIBLE 
UNIT OF ELKCTRIOtTy. 

So far wo liavo dealt with the finidamental laws of 
electricity in general. It is now time to b(igin to 
consider the possibly atomic or molecular c-ondition in 
which it is associated with atoms of matter. 

Quoting again from the great Treatise of Clerk 
Maxwell, 1st Edition (1873), we find on page 312, 
in the chapter on clcctroly.sis, the following sentence : 

“ Sn])pos<'., howo.v('.r, that we leap over this 
difficulty !>y simply a.sserting the fact of the 
constant value of the molecular charge, and 
that we call this conshint molecular charge, for 
convenience in description, one molecule of 
electricity.” . . , 

Idius some idea of the. conception of the atomic 
nature of electricity was long ago Ibixa'd upon men of 
genius by tlie facts of (‘.lectrolysis and a knowledge of 
Faraday’s laws. But hlaxwell wc.nt on, after a few 
more paragraphs : 
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its matter, was called by Dr. Johnstone Stouey an 
“ electron ” or natural electrical unit. 

What wo learn with great accuracy from electro- 
lysis is the ratio of the charge to the mass of 
substance with which it is associated. It matters 
nothing how much substance is chosen, whether 100 
atoms or one, whether an atom or a gramme or a ton, 
— the amount of electricity associated with it in 
electrolysis, and liberated when the substance is 
decomposed, increases in the same proportion ; the 
ratio is constant for each material, and if determined 
for one is known for all. 

This ratio is the reciprocal of what is technically 
known as the “ electrochemical equivalent ” of a sub- 
stance. In the light of Faraday’s laws, if this quantity 
is measured for one substance it is known for all, 
because the charge is the same for every kind of 
atom, up to a simple multiiJc ; and hence in specify- 
ing electrochemical equivalents there is nothing 
to consider but tin', atomic weight, or combining 
proportion, of the substance. Thus the electro- 
chemical equivalent of oxygen is 8 times that of 
hydrogen, that of zinc is 32|- timi'S, and that of silver 
108 times that of hydrogen. The substance chosen 
for a determination of the electrochemical equivalent 
may bo the one which <;an bo most accurately experi- 
mented on; and Lord Rayleigh has shown that su(!h a 
substance is nitrate of silver, and has ascertained that 
if a current of one ampere is piissed from a silver ancxlc 
to a platimnn catluxle through a nitrate of silver solu- 
tion, tin'- cathode gains in weight by 4'025 grammes 
every hour. IIouco the eleetroelieniical equivalent of 
silver is 


4*025 grammes 
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charges, for tlicii wo shall have (»htain«tl a aocure 
basis on which to form fi true' theory of (^hictric 
currents, and so lu’cnmo. imlcpi'mlcut uf theae 
provisional theories.” 

It is rash to predict what may iiltimatcly happen, 
but the present state of electrical scicucf scem.s hostile 
to this latter prediction of Maxwell. The theory of 
molecular charges looms bigger Untlay, and ha.s taken 
on a definiteness, largely tvs the outoonie of his 
own work, that would have phaused tint! surprised 
him. 

The unit eloctrio charge, the cliargo of a monad 
atom in electrolysis, whatever else it i.s, ia a natural 
unit of electricity, of which wo eatt have multijilofi, 
but of which, so far as we know at prenent, it is 
impossible to have fractions. 

I will extract the following aimttnieo front Hi'ction 
32 of my little book calbnl Mmlcm Pfraw of 
Electricity (1889, See also Brit. Arniv., Aberdeen, 
1885, p. 7C)3) : 

“This quantity, the charge of ono monad 
atom, constitutes the smallest kimwn portion of 
electricity, and is a real natural unit. Cihvitiusly 
this M a most vital fact. This unit, below whieh 
nothing is known, has even been Htylutl an 
‘atom of electricity,’ and tK'rhaiw the |»lim«a 
may have soma moaning. , . . Thi.H natiinvi 
unit of electricity is exctseditjgly anmll, being 
about the hundred-thouHtincl-miilionth part of 
the ordinary oleotrostatic unit, or less than the 
hundred-trillionth of a coulonih." 


The charged atom of matter is cjiIUmI lilt **i«iu/* 
Ihe charge oonaidoted alone, without ti) 
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its matter, was called by Dr. Johnstone Stoney an 
“ electron ” or natural electrical unit. 

What we learn with great accuracy from electro- 
lysis is the ratio of the charge to the mass of 
substance with which it is associated. It matters 
nothing how much substance is chosen, whether 100 
atoms or one, whether an atom or a gramme or a ton, 
— ^the amount of electricity associated with it in 
electrolysis, and liberated when the substance is 
decomposed, increases in the same proportion ; the 
ratio is constant for each material, and if determined 
for one is known for all. 

This ratio is the reciprocal of what is technically 
known as the “ electrochemical equivalent ” of a sub- 
stance. In the light of Faraday’s laws, if this quantity 
is measured for one substance it is known for all, 
because the charge is the same for every kind of 
atom, up to a simple multiple ; and hence in specify- 
ing electrochemical equivalents there is nothing 
to consider but the atomic weight, or combining 
proportion, of the substance. Thus the electro- 
chemical equivalent of oxygen is 8 times that of 
hydrogen, that of zinc is 32^ times, and that of silver 
108 times that of hydrogen. The substance chosen 
for a determination of the electrochemical equivalent 
may be the one which can be most accurately experi- 
mented on; and Lord Rayleigh has shown that such a 
substance is nitrate of silver, and has ascertained that 
if a current of one ampere is passed from a silver anode 
to a platinum cathode through a nitrate of silver solu- 
tion, the cathode gains in weight by 4 '02 5 grammes 
every hour. Hence the electrochemical equivalent of 
silver is 

4 '02 5 grammes _ 

1 ampere-hour ’ 
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the electrochoinical equivalent of hydrogen, being 
T^^th of this quantity, is 
4 '025 grammes ^ 4’02 5 ^ 

108 ampere-hours 108x800 

= •0001085 grammes per eoulomb. 

Hence the ratio of an atom of eleetrieity t^) an atom 
of hydrogen is 9,660 «.g-R- miita, or apiirnxiniatoly 

lOi /(‘' ^d.ime-tr c.s\ . 

V grammes/ ' 

the unknown constant m npeessarily making its 
appearance, because wo are eomparing quantifies of 
different nature, or at any rate (plant it ies uuaiHured 
in different ways, viz., ‘ olcokioity ' and * nialttn’’ (ace 
Appendix D), 

The numerical part of this quantity is known 
with comparative exactitude,* that is to say up to 
the limits of error of expin-imeut. : to piimeed 
further, we must make an ('..stimati^ of tii« mnm of 
an atom. That can bo done, and has boon doms in 
many ways, and wo have been taught both by Dr. 
Johnstone Btonoy and by Losohmidt, onginally even 
by Dr. Thos. Young, but with greatest foreo autf range 
by Lord Kelvin, that the mass of an atom of watt^r is 
approximately 10" ’’“of a gramme; wlieridbre nn atom 
of hydrogen will bo approximattdy It) ** gramme; 
whence the unit of electric charge is 10 e.g.s. 
magnetic unit, or 8 x 10'*® of an elt*c.troHlalie unit 
or 10"'“ of a coulomb. 

♦The decimal places are corrertly priiitwt alwve ; OkuikI* iho fact 

that 1 coulomb, or I amporiMimmcl, m uuo-Uuith of unifc awing 

to the ohm and volt having hmn ImulvirttHttly iiin? m nitil 

t-he other as 10** ag.s,, instead of Imth thu -ttl wavM nt^indM rt^imly Ui 

introduce confusion and ©iTor» 
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I have cmpluisiscd this matter of the ratio m to e, 
or e to m, because it plays a considerable part in 
what follows. The ab.solute values are of less 
consequence to us than the ratio, and are only known 
approximately, but tlio ratio is known with fair 
accuraciy ; and the ratio e : m for hydrogen is very 
nearly 10*^ magnetic units, or more exactly 9, G60. 

Thus what we hsarn from electrolytic conduction, 
briefly summarised, is tliat every atom carric.s a 
certain delinito charge or electric unit, monads 
carrying one, diads two, triads throe, but never a 
fraction ; that in liquids those charges are definitely 
associated with the atoms, and can only bo torn away 
from them at the electrodes ; that the current 
consists of a procession of such charges travelling 
with the atoms, — the atoms carrying tlie charges, or 
the charges dragging the atoms, according to the 
point of view from which wo please to regard the 
process. 



CHAPTER IV. 

FOEESHADOWING OF THE ELECTRON. 

Sepa/rate Existence of the Electric Unit mggested 
hy Conduction in Gases. 

Wb will now leave liquids and proceed to conduction 
by rarefied gases, that is to say to tlio phoiuunona 
seen in vacuum tubes. If a long glass tuh(', say h 
yard long and two inches wide, with an olcctrode at 
each end, and full of common air, is conruusted to an 
induction coil and attached to an air-pump,- — tho 
ordinary spark-gap of the coil being, say, two or 
three inches wide, — ^we find that for Home time after 
working the pump the electric discharge prefors the 
inch or two of ordinary air to a long journey through 
the ]partially rarefied air in the tube ; but that at a 
certain stage of exhaustion, one which any rough 
air-pump ought to reach, this preference coaHCs. A 
flickering light appears in the tube, readily visible in 
the dark, which very soon takes on the appearance of 
red streamers like tho Aurora Borealis ; and soon tho 
sparks outside in the common air cease, showing that 
the rarefied air is now the bettor conductor and tho 
preferable alternative path. Let tho exhaustion 
proceed further— the axis of the tub(» hocfimoa 
illumined with a glow, which is now much brighter. 
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forming a band or thread of light, while the original 
spark-gap may bo shortened down gradually to one- 
eighth of an inch, or oven less, without any spark 
taking place across it, — showing that rarefied air is 
a very good conductor. When the best conducting 
stage is reached the tube is filled with a glow, called 
the positive column; and both ends of the tube are 
apt to look alike. If we exhaust still further — and 
to exhaust oven as far as this something better than 
an ordinary air-pump is nccc.ssary, an oil or mercury 
pump being the most suitable — the column of light 
is seen to fill the whole tube, to gradually lose its 
bright red or crimson tint, and to break up into a 
number of very narrow discs, like pennies seen edge- 
ways. At the same time the spark-gap must bo 
widened to something more like a quarter or half an 
inch, to prevent the discihargo from taking that path, 
and a dark space near the cathode now begins to be 
visible, the cathode itself being covered all over with 
a glow, while the anode is usually only illuminated 
at a point or two. 1!'ho striai, into which the positive 
column has been broken up, thicken and separate as 
exhaustion proceeds. The dark space near the 
cathode also enlarges, driving as it were the positive 
column before it into the anode, and looking as if it 
would presently fill the tube ; but before it can do 
this it is noticed that the glow on the cathode itself 
is coming olF as a kind of shell, leaving another dark 
space, a narrower and inueh daiker space, inside it. 
The first dark spaec has bc'en called Faraday’s dark 
space ; the second is gcmerally known hy the name of 
Crookes’. This second dark space now increases in 
thickness, pushing the glow before it as the vacuum 
gets better and better ; but the tiwminals of the 
sptirk-gap must now be pulled still further apart, else 
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the discharge will prefer to take a roiiHonahly long 
path through the air. hkhauHtiiig fiirtlu'.r Htill, the 
glow all disappears and the second dark .spacfs fills 
the whole of the tube; and now is noticed a now 
phenomenon, the sides of the glas.s have In'.gim to 
glow with a pho.sphoroHC(5nt liglit, the. e.olour of the 
light depending on the kind of ghiss uH(>d, hut 
generally in practice with a grecmisli light : a result 
evidently of being the hcnindary of the dark Hpaeo, 
If exhaustion proceeds furtlusr, tint re.sistaiice of the 
tube becomes very high, and the a[)ark may prefe.r to 
burst through an equal, and idtimatt'ly even a greater, 
length of ordinary air. This is the, eondiiion of the 
tube so much inve.stigated by (Irooke.s, by laniard 
and Rontgen, and by many otlier observer.s. It is 
the phenomena occurring in tins dark .Hpaeo which 
have proved of tho most intense iiiteriwt. 

Cathode 

So far we have aupposetl that the cathode i.n a 
brass knob or other convenient terminal tnirodneed 
into the tube; bub if we. now jirnceed pi u.se other 
shapes, — as Plilckor did first in IHfil), folhiwc«d by 
Hittorf(l869), Goldstein (1876), and ( 'rooki's ( i H”!)) - 
using a flat disc or a sauoor-sliajieil piece, of met al, and 
if wo then introduce into thti dark .spaet^ varittn.s Nuh- 
stances, wo shall find that shadows arc thrown, and 
that the dark space is full of properfie.s which arc 
most clearly expressed by saying that it i.s a region 
of cathode rays — that is Ui .say, of .soumthing shot 
off in straight lines from th(> cHtlo«)e, '1‘here is 
evidently somotlnng being tlnwslmt off -though what- 
ever it is, it is invisible, until it .strik«-H an tihstaelo -- 
something which seems to tly in .struight limm and to 
produce a perceptible effect only wiien it atopjanl 
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Such a ‘something’ might be a bullet from a gun, 
which is quite invisible when looked at sideways, but 
may produce a flash of flame when it strikes a target, 
Dr may do other damage. So it is with these cathode 
mys ; tlic region of their fliglit is the dark space ; the 
boundaries of that space, where the projectiles strike, 
are illuminated. A substance with phosphorescent 
power, such as many minerals, or oven glass, phos- 
phoresces Iirightly ; and tlic path of the rays can 
be traced by smearing a sheet of nuc.a with some 
phosphorescent powder and placing it edgeways 
along their path. In this way it can bo shown 
that the rays are like particles travelling definitely 
in straight lines, not colliding against each other, 
but each shot lilv'c bullets from an immense number 
of parallel guns. Where tlioy strike the aides of 
the glass they make it phosphoresce; where they 
strike residual air in the. tube, as they do if the 
exhaustion is not high enough, tlioy make it phos- 
phoresce also, and give, in fact, the ordinary glow 
surrounding the dark space. 

Those rays possess a considerable amount of 
energy, as can be shown by concentrating them, by 
means of a curved Hancor-shaped catliodo, and 
bringing them bo a focus. The rays can bo brought 
to a focus in conseijuorico of the fact that they 
are projected from the cathode initially normal to 
its surface, though the focus is further from the 
cathode than the cent, re of cni-vature heeauso of 
something equivalent to mutual repulsion of the 
rays. A piece, of platinum put at that focus will 
(if the exhaustion is not too high) show evident 
signs of being red-hot— that is to .say, will omit 
light, [f the oxhau.stion proceeds further, less heat 
is produced, though a phosphorc.scent light is 
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now emitted from suitable substances, like alumina 
and most earths; and if tbo oxhnuation ia prasacd 
further still, the bombarded tfirgct ennits no visible 
light but only that higher kind of radiation known 
as Edntgen or X-rays. It may bo doul)t(Hl, however, 
whether the target itself omits these ray.s, wh<*.ther its 
function is not rather to stop the [irojcuhiloH, as 
suddenly as possible, by the massiveness of its atoms. 
Thus the best target would bo a aulKstuneo with 
the heaviest atoms. X-rays arc cm it. tod by the 
suddenly stopped projeotiles, in a manner which lias 
been investigated both by Sir _ (1 ^ Stokes and 
Professor J. J. Thomson, and which i.H intelUgihlo 
to anyone who has studied the pronorties of moving 
electric charges moving at or near the .speed of light ; 
a matter on which Mr. Ilcaviside lm.s writtim with 
great clearness in his volume called Eli'ctroimiijnclia 
The<yry. 

Cathode rays have a romnrkahle penetmtiiig 
power; for Hertz found that a thin metal cliaphragm, 
especially if it were of aluminium, was jtuwm-less to 
stop their passage completely ; m e.onld he tlenmn- 
atrated by the phosphoroacoiuuv and other efleets 
appearing in the further half of the tnbo beyond the 
dia;^hragm. 

The position of the anode in mieb experiments i.s of 
small consequence. There must bo one .somewhere, 
and the easiest plan is to make it a c^ylindor through 
which the cathode ray bombardment, geM-s, 'J’hii 
bombarding particles fly in straight lines nml tleolino 
bo turn a corner, taking no apjiarent notie.e of the 
position of the anode, and exhauKting theiiwelveK by 
bombardhig the side of the glass opposed ki them ; 
IS can be well shown by having the tnbo bent into 
i V shape, for instance. 
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Lenard extended Hertz’s discovery in a remarkable 
way by skilfully constructing a tube with an outer 
window of very tliin aluminium, so arranged as to be 
able to stand the atmospheric pressure outside. He 
then directed the cathode ray bombardment on to this 
window or aluminium film, and showed that the rays 
can penetrate it and actually como outside into the 
ordinary atmosphere, where they are called Lenard 
rays, in honour of tliis indefatigable investigator, a 
friend and disciple of Hertz. (Sec Fig. 1.) 
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3Ftcj, 1. — ^Lonarcl tube for the produotlon of Loiiard rays, wblob were 
(liaoovorud boforo KOutgtm myn. U ia n cathode in vaouum} the 
atiodo A in a inotal oylindor Imhlud it] the whole is Horconed in rnotah 
and the oathoilo raya impinge on a minute hole W oovorod with ex*- 
coodlngly thin aluminium foil, through whioh it would «ocm the rays 
tmiergo into the nir, radiating in flli diractlone from the Aluminium 
window a» Lunard rays Xj, whore they are rapidly dUruaod and absorbed. 

These fjcnard rays make the air phosphoresce and 
produce the other ofleots which cathode rays can 
produce, but they are stopped within a moderate 
range l)y the imuiouHc ohstvuction they meet with 
from a substance, of the, density oF ordinary air. 
Substances seem to stop them simply in proportion 
to the quantity of matter which they encounter, 
without regard to its nature. A thick layer of air 
would bo about aa opaque as a layer of water as 
thick ; and even if the. body put in their way is 
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that they are cliargcMl particles, will result partly in 
heat, or vibration of the impacted molecules ; partly 
in light or phosphorescence, due to the quiver oi 
electrically charged atoms (or rather of electrical 
charges on atoms) as in the ordinary process of 
radiation ; and paitly in X-rays : — all of which effects 
are readily seen at different stages of vacuum in 
a Crookes’ tube. The momentum of the flying 
particles shot off from the (iathode can also be 
exhibited by putting into their path some form of 
vane or little windmill, which will then be driven 
mechanically, as tlie vanes of a radiometer arc 
driven by the recoil of the molecules of the residual 
air from the waiuncr aurfacio, — a stress being thus set 
up between the vanes and tlu'.ir glass enclosure. In 
the electric vae.uum tube cx})eriment, the stress seems 
to be between the cathode, or gun, and a layer or 
stratum of the residual gas not very far from it — for 
unless the exhainstiou is very high the gradient of 
potential close to the (‘.athode is vm’y steep, — so the 
jH'opelling foi'c.e is clearly tlie force of electrical 
]e]jul.sion, tlio particle's travelling down the grade of 
potential just as they travel in oj'dinary electrolysis, 
and then ])rocec(ling for tlu^ I’cst of the journey by 
their acquirttd monumtum. But whereas in ordinary 
electr(dysiH tlicy meet with constant eiHsounters and 
therefore. |)rogre8H very slowly, in a high vacuum 
they can fly for several inches in a free path without 
encountering anything, and therefore without eauaing 
any disturbance,- thins giving rise, to no appearance 
hut that of tlu' dark space. I’henomena occur only 
where they strike. 

This was the. view of the nature, of catliodc rays taken 
by the whole world after druokes' dciuonstratiun ; 
it was suppo.si!d that the}’ were. Hying atoms, and that 
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biiey were nynig wjluji 
with a long free path— much longer than 
been expected from ordinary gaseous t 
extraordinary length of free path wa 
difficult to reconcile with the doctrine th 
flying atoms obedient to the ordinary hv 
except that, being subject to electrical p 
in the same direction, their course was n 
and their encounters therefore fewer, or 
in causing deflection, than if they had 1 
at random. This same feature of reg 
which confers momentum upon them ; ' 
does not constitute heat, and is not to 1 
as corresponding to temperature; they 
in orderly succession like an army or ! 
rather than with the irregular unorgan 
appropriate, and solely appropriate, tt 
“ heat ” and “ temperature,” and to t 
kinetic theory of gases. Crookes indeed 
surmise — by one of those flashes of inti 
are sometimes vouchsafed to a discoveriu’ 
ridiculed by representatives of orthodox s 
time — that he had obtained matter in 
state ; ” and even that he had got in hii 
thing equivalent to what was contemp 
“ corpuscular ” theory of light. There i 
respondence with fact even in this hi 
statement, when the particle, .s are mo\ 
enough, for a nuclear wave-front or ed 
then travelling with them ; but how ti 
was — that the matter in the dark spac 
fourth state, neither solid nor li(|uid lu: 
how true that was we shall presently see. 

Meanwhile let us summarise the evid 
view that the cathode rays ai'c at any i 


particniB ui some Kiiici, in extremely rapia motion. 
That they arc in motion must be granted from the 
fact of their bombardment — driving mills, heating 
platinum, and the like ,* and in order to show that 
they are charged, the most direct plan is to catch 
them in a hollow vessel connected with an electro- 
scope, as Perrin did ; but another plan is to show 
that they have the properties of an electric current. 
If they arc clnirged while in motion they constitute a 
current, on .Maxwell’s theory, and therefore should 
be able cither to dellcct a magnet or to be deflected 
by it; and here comes one of the most simple and 
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Fio. form of Porrin’R apparatus for proving that oathodo 

rjiyH tjiirry a uogativo cliargo. 'i'Uo ra.VH from a pass through an oarthod 
soroou 6 mto a hollow or Faraday vo««ol r. 

important experinuuits in pliysics at the present 
time. A definite, ibnn of some old ex[)crimonts 
foreshadowed l)y Pliicker (18(>2), and developed by 
llittorf, Goldstein, and many other vacuum tube 
observers, was arranged by Crookes in 1879, when 
he made the track of the. rays visibly luminous by 
passing a pene.il of them through a slit and letting 
them graze along the surface of a film of mica covered 
with phosplu)r<;H('.(!nt powder, and wlien he then 
brought^ near them a common liorseshoc magnet. 
Whmi this is dun<‘. tlu' trae.k of the rays is at once 
seen to be curved ; showing that it is not a beam 
of light we are looking at, but a tornmt of charged 
particles; siiKiC they behavts like, an electric current 
and arc dcflec;t(!d by a magnet. It is ultimately tlio 
very same phenomenon as can be observed with 
difficulty, owing to its sraalliiesa, when a current 

nK. 0 
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flows through metals, — an effect discovered hy E. H. 
Hall in America, and known as the Hall eficct. 

The fact that the particles are thrown 00“ the 
cathode, being evidently vigorously repelled by it, is 
sufficient to suggest that they must bo negatively 
charged ; the direction of the curvature caused by a 
magnetic field enables us to verify at once that the 
flying particles are negatively charged, and no 
comparable rush of positive particles in the opposite 
direction, or in any direction, has been observed. 
The speed of transmission of the positive cun-ent is 
very great, and it must be conveyed by a multitude 
of positive particles, but individually their motion 
is comparatively slow (see however chap, vi.). In 
that respect evidently the magnetic curvature of 
cathode rays in gases differs from the magnetic 
curvature of a current in metals ; viz., that whereas 
in metals the major action is sometimc.s upon the 
negative and sometimes upon the jjosil.ivu', stream, 
according to the nature of the metal — the difreiNUKU', 
which is all that is observable, being always small, — 
in the cathode stream it is the negative', aloiu'. that 
is acted upon, and so the aeition is always larges. 

It seems, therefore, that for some reason or other 
the negatively charged bodies in a vae.uum tube are 
much more mobile than the positive, and that the 
mobility of the negatively cliarge.d bodies is extnnnc. 
One striking method by which tlu'ir mobility was 
displayed consisted in the fundamental observation 
by Professor Schuster* that all parts of gas in a 
closed vessel became conducting wlien an (dee, trie 
discharge had taken place in one eorru'r of it; so 
that even though the vessel cionsistud of different 
compartments, one compartment was made feebly 

♦Bakorian lecture 1890, /Voo. /%. Soc., vi.l, 47, ji, 62R, 
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conducting by a discharge in the other, provided 
that the two had any kind of gaseous communi- 
cation ; a fact wdiich looked as if some extremely 
mobile particles, probably the negatively charged 
particles of cathode rays, could wander about to 
a considerable distance in a very short time and 
take their share in the conveyance of an electrie 
current. The conductivity of gases appeared to be, 
indeed, entirely duo to those loose or dissociated or 
detached charged particles, or ions, and where they 
were absent the gas did not conduct at all ; it 
could be broken down, being a weak dielectric, by a 
sufficiently strong force, but it would not leak; 
whereas, when these loose charged particles were 
about, it leaked readily, becoming to all intents and 
purposes an electrolyte amenable to the feeblest 
electric influence. The production of this cleotrolytic 
condition is called “ ionisation.” The act of breaking 
down the air by an electric discharge was thus 
found to render the surrounding air for a time 
electrolytic. Its electrolytic quality, however, did 
not last long. The mobility of the particles which 
enabled theur to travel to a considerable distance 
also enabled them to get rid of themselves by 
clinging to the sides of the vc.sscl, or perhaps by 
re-uniting with some opposite charges, which after 
some time in their rapid journeys they must 
casually encounter. Prof. Townsend,* however, found 
that the conducsting power lasted unexpectedly long 
if no dust was present : the dust particles apparently 
acting as intermediate receivers and storers of 
charge, promoting interchanges, which did not very 

* J. B, TownHtuid of Trinity Collage, Dublin, then working in. the 
CavandiBh I^tiboratory, Cambridge, now waynflete Professor of X^hysica 
in the University of Oxford. 
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readily occur tlirougli direct encounters. And the 
time that thus elapsed before the "whole of the 
conductivity disappeared from dust-free air suggested 
that the moving particles must be very small, so that 
intimate collisions were comparatively infrequent. 

The mobility or diffusiveness of the molecules 
of a gas depends on their mean free path, and 
that depends on their atomic size ; the smaller 
they are, the more readdy can they escape 
collision. Hence it is that collisions are so rare in 
astronomy : the bodies are small compared with the 
spaces between them. The behaviour of charged par- 
ticles seemed to indicate that they must in some 
cases be something smaller than atoms ; it seemed 
hardly likely that material atoms could behave in 
the way they did. It was recollected that it had 
occurred to some philosophers, among them Dr. 
Johnstone Stoney, that electric charges really existed 
on an atom in concentrated form, not diffused all 
over its surface but concentrated at one or more 
points, — ^perhaps acting as satellites to the main 
bulk of the atom; so on that view it was just 
possible that these flying particles might be not 
charged atoms at all, but charges without the atoms, 
the concentrated charges detached — knocked off' as 
it were in the violence of the discharge, and after- 
wards going about free. Such particles would 
naturally travel at an immense pace, because they 
would stni be exposed to the full electric force that 
they had experienced before, and yet would have 
shaken off the encumbrance of the material atom 
with which they had been associated. It is true that 
no such disembodied charges, or electric ghosts, had 
ever been observed. All the experiments that had 
been made in electrostatics had been made on charged 
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matter, — the surface or boundary of the matter acting 
as the locality for an electric charge ; and no other 
locality for a charge was known. The facts of 
electrolysis had suggested or proved that the atoms 
themselves could carry charges, and hence that if a 
liquid were electrified, it must he due to some of the 
atomic charges of one sign, appearing in overbalancing 
proportion at the surface ; though perhaps still in 
association with their respective atoms. 

Yet at the same time the occurrences at an 
electrode, where an ion plainly gave up its charge 
and escaped without it, indicated the possibility that 
perhaps the electric charge could exist alone ; at any 
rate that it could bo handed from one atom to 
another, and thus miglit conceivably exist alone for 
an instant. During this momentary isolation some 
charges might, in the freedom of a rarefied gas 
discharge, possibly escape, and wander about free. 

To such hypothetical isolated charges, the unit 
charge or charge of a monad atom, the name 
“ electron ” had been given ; and when I speak of an 
“electron” I mean to signify the, at first purely 
hypothetical, isolated electric charge. Whereas by 
the term “ion” I always signify the atom and its 
charge together. The ions consist of Faraday’s anions 
and cations. Lord Kelvin prefers the term elootrion 
to electron. 

Now if the flying particles which constitute the 
cathode rays wore electrons rather than ions, — -if they 
were detached charges, leaving their atoms behind 
them (necessarily leaving those atoms positively 
charged), — their extreme mobility and diffusiveness 
and high speed would be perfectly natural ; and 
although they would not be ‘ matter ’ in the ordinary 
sense, yet no difliculty need bo felt at their possessing 
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some of the properties of matter, at any rate suph 
properties as appertain to matter by reason of its 
having inertia ; because, as we have scon, an electric 
charge itself does possess a certain kind of imitation 
inertia. Hence these electrons in movement would 
possess momentum, and might therefore propel wind- 
mills (though the actual motion of the windnulls in 
Crookes tubes seems more likely due to charge and 
electric repulsion than to simple momentum) ; they 
would possess kinetic energy, and therefore might 
heat a piece of platinum ; and if suddenly stopped by 
a massive target when travelling at a high speed they 
might readily give rise to phosphorescent appearances, 
and even to the sudden pulse of radiation known as 
X-rays. Indeed the existence of this last property is 
capable of clear deduction on electrical principles 
if the matter is further gone into. (See chap, ix.) 

The continued passage of a currcuit through a 
vacuum tube cannot bo explained by a torrent of 
electrons alone, — there must be sonic mcchani.sm 
for continually producing them fresh and fresh, 
near or at the cathode, else they would almost in- 
stantaneously get exhausted. Tlio most probable 
view of the matter is that suggested by J. J . Thomson : 
that the current is conveyed chiefly by positive ions, 
which are produced in the residual gas by ionisation 
due to the first discharge of cathode rays. Tlicsc 
positive ions then pass along comparatively slowly 
toward the cathode, creep in towards it, as best they 
can, in face of the bombardment; and then at the 
last — experiencing the violent gradient of pot(sntial 
in its immediate neighbourhood — rush up against it 
and by their shock produce a fresh sup[)ly of electrons. 
The glow over the cathode is supposed to mark the, 
region of this ionisation. The negative particles, tlius 
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set free, tlien fly off as catliode rays, setting up fresh 
ionisation, and producing a copious further supply of 
positive ions ; — on the existence of which the possi- 
bility of the cathode rays themselves depend. The 
positive and the negative particles on this view are 
mutually dependent : each is the cause of each ; and 
when cither fails to be formed in a vacuum tube it is 
impossible for it to conduct, even when its terminals 
are highly elcctrilied ; for if the supply of cither sign 
of ion is stopped, that of the other at once fails. 
This accounts for the action of ‘ electric valves,’ wherein 
the positive ions arc prevented from getting at the 
cathode in one dirc(;tiou, by reason of a special 
arrangement for concentrating an electron bombard- 
ment along the direct route, without any back door 
or side entrance for the positive ions. The provision 
of such a back door, even though the route thereto 
be long, immensely cases the conveyance of current ; 
as was strikingly shown by Ilittorf. 

It has been ob.s(ivvcd that any obstacle introduced 
into the dark space', near the cathode, if it is able to 
check loc.ally tlui acc.cHs of positive ions, will throw a 
shadow both fore and aft, — one towards the cathode, 
and likewise one down tlie cathode rays, — because 
the goiuiratiou of IVesh I'.lce.trous is thereby locally 
prevented. At this si, age we may conveniently 
summarise the position thus 

TJie magnitudes which need experimental deter- 
mination in eoniKixion with eathode rays, in order 
to settle tlic (picstion and determine their real 
nature, are the spec.d, the electric (hargo, and if 
possible the mass, of tins flying parthdes. 

Everything sugge-sts that tlioy are flying with 

■^Sohutitor, Pm\ Hotj, 8o€,^ xlvii., p. 557, IH9D; Woiinolfc, Wied. Ann 
IxvH., p. 421, iHUlh 
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prodigious speed, but it is desirable to make a 
measurement of that speed. 

The force of propulsion exerted on tbem indicates 
that they are highly charged ; and their penetrating 
power suggests that they are excessively small, so 
that to them ordinary solids, such as metal shoots, 
appear porous ; but an experimental method is 
necessary to determine what may bo called their 
electrochemical equivalent, — that is to say the ratio 
of their mass or inertia to their electric charge, — 
even if it be not possible to determine the mass 
and the charge separately. 

In electrolysis the electrochemical equivalent, 
or the ratio m/e, depends on the nature of the 
substance; and for hydrogen is of the order 10 
in electromagnetic units, as stated in Chapter III. 
It is a matter of great importance to determine 
the value of the same ratio for the c,athode rays, 
and to ascertain whether it varies with the substance 
contained in the vacuum tube, or whether it is l.lu' 
same for all substances — being oharnct(iris(.ic. of 
a single variety of the flying particle and of noUuug 
else. 



CHAPTER V. 


DETEilMINATION OF SPEED AND ELECTROCHEMICAL 
EQUIVALENT OF CATHODE RAYS. 

[p tlio cathode rays consist of flying electrified 
parti(;l(is they will bo deflected, or their paths curved, 
by the proximity of a magnet ; and this is a well 
known and prominent fact concerning them. With 
some care tlie amount of deflexion, caused by a 
magnetic field of known strength, may be naeasured. 

The curvatur(', of path produced in cathode rays 
by a traiiHversc magnetic field, or the amount of 
spirality produced by a longitudinal magnetic field, 
constitutcis an evident mode of attacking the problem 
of estimating tlu'ir velocity. 

If the velocity is constant and the magnetics field 
uniform, tins esurvo into which the stream is bout 
round the line.H of force will manifestly bo a 
circle; and its course can bo r(sadily traced either 
directly, after Clrookc-s' manner, by letting it graze 
a phospliorescent. suhstanee, or indirectly by inference 
from tins position of a linear target placed so as to 
catch the deflectod rays. If the diretstion of velocity 
is inclined to the dinscstion of the field, the course of 
a particle will be eoinpoundcd of a circular motion 
round a line, of forces, emd an unchanged rectilinear 
motion along it : that is to say, it will be a spiral, 
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ore or less elongated, threading itself along -fclie 
agnetic field: the direction of twist depending on 
e sense of the field. 

There is no difficulty in determining the radius 
curvature r ; and the theory of normal deflexion 
the simplest possible, — nothing more than stating 
at the magnetic force H, acting on the current 
5ment eu, is the necessary deflecting or centripetal 
cce, mu^jr, required to overcome the mechanical 
ertia of the particles ; i.e., 


mv? 

r 


= /ucwH, 


whence = 

the ratio e/m is to the velocity of the particles as 
e curvature of their path is to the intensity of 
agnetic field which curves it. Prof. Schuster of 
anchester was among the first to make measure- 
ents of this kind. 

The two factors on the right of this equation are 
rectly measurable (yu being conventionally ignoi'ed 
usual, or — a better mode of expression — united 
th H as induction-density) ; but the two factors 
L the left are both unknown, hence neither can be 
termined by ‘this means alone, — an assumption 
ust be made about one or other of them, or else 
other independent land of experiment must be 
ide. 

Assume, as many experimenters did, that u is a 
locity appropriate to atoms flying in a gas of 
iinary temperature, then the value of ejm comes 
t not so very far discrepant from the usual ionic 
lue, measured in liquid electrolysis, viz., 10* c.g.s. 

', conversely, assume the usual ionic or electroly tic 
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value for this ratio, and the cathode ray velocity 
comes out something quite appropriate to atoms 
of matter. 

This, however, is a trap. These accidental coin- 
cidences may retard progress in a most serious 
manner, for they satisfy the mind and deter people 
from investigation. It is almost impossible to be 



Pio, 3,— Modlflcd Porrin appamtua adopted by OT. J. Thomson for 
mcaHUflng bho ohargo, and ab tho aamo timo tho magnofcio dofloxion, and 
somofcimoM tho thornial onorgy alau, of oathodo rays. Tho rays from the 
cathode, after passing through a perforated anodo and prooooding in a 
atraigUb Hue, can he denooted hy a magnet a ineaflured amount, so as 
just to enter a hole in an earthed guard>«oroen J>, iind tlion a hollow 
cavity provided with an oleotrodo K, whereby tho aggregate charge 
convoyed by thorn i« moasurod. 

completely on guard against them, and they are 
usually accepted until a more thorough qualitative 
acquaintance with tho au!)j<ict leads to an instinctive 
feeling that something i.s wrong somewhere. 

So it was in this case : the long free path and tho 
penetrating power of tho cathode rays kept insisting 
that the particles wore not really atoms of ordinary 
matter, — a truth which both Lcnard and Crookes 
had instinctively grasped, in spite of much criticism 
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and valid arguments the other way ; so in 1897 
J. J. Thomson made a much more serious attack on 
the whole position. 

He arranged that the magnet should deflect the 
rays into an insulated hollow vessel, connected with 
an electrometer and a known capacity, so that the 
aggregate charge of the cathode ray particles collected 
in a given time could be measured by the rise of 
potential observed (cf. Fig. 3). He also arranged 
that inside the hollow vessel they should fall upon 
a thermal junction of known heat capacity, con- 
nected by very thin wires to a galvanometer (acting 
therefore as a calorimeter), so as to measure their 
aggregate energy. 

Thus he could make the following simultaneous 
determinations : 

Ne = Q 

NimM' = W 

m tt 
—U = yuiln 
e 

In these three equations there, arc four unknown 
quantities; but one pair can bo treated Jis a ratio, 
and another, N, can bo eliminated, and thus wo get — 

2W 

““Qllr 

When these brilliant measuremontH wore nctnally 
made in the laboratory, the atomic nature of cathoth; 
rays was, if not actually disproved, at all ovmits 
rendered highly improbable; for their Hp( 5 (id was 
found to be of the order ten thousand luiles per 
second, or even as high as that of light in a 
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favourable case, being always of the order 10® c.g.s,, 
while the electrochemical eq^uivalcnt was of the order 
10’’^ c.g.s., or about xoW of hydrogen. 

Changing the kind of residual gas in the tube, and 
changing the electrodes, made no difference to this 
last value. The cathode rays were evidently inde- 
pendent of the nature of the matter present : an 
exceedingly momentous fact. If they were matter at 
all, they appeared to bo matter of some fundamental 
kind, independent of the distinctions of ordinary 
chemistry. Their velocity, however, depended on 
the potential difference between the electrodes, in a 
way that suggested that they were really projectiles 
urged by the potential gradient acting along a given 
length of path. They were propelled by the cathode 
through an aperture in the anode, and the measure- 
ment of their speed was made in the tube beyond the 
anode, whore they arc travelling by their own 
momentum. The distance apart of anode and 
cathode did not, and on the projectile hypothesis 
ought not to, affect this speed; for though the 
potential gradient is steeper when anode and cathode 
are put close together, the length of path during 
which the particles are subject to it is diminished 
by a compensating amount, — so that the velocity is 
theoretically indopondent of the distance between the 
electrodes, as long as the total difference of potential 
is maintained ; it is the absolute difference of 
potential that determines the speed. (This is a 
familiar result of the couaervation of energy, and is 
illustrated by ordinary falling bodies.) But mani- 
festly if the electrodes are too close together it may 
be mffioult to secure a high difference of potential 
between anode and cathode, since they may spark 
into each other outside the tube; and if there is 
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much residual gas in the tube it will likewise be 
difficult to maintain a high potential difference; 
because that residual gas, under the influence of 
the cathode rays, will conduct. Consequently the 
best speeds are obtained at high vacuum ; and if 
the density of the residual gas inside the tube is 
constant, the speed will be constant. The nature of 
the electrodes makes no difference, unless they give 
off gas or otherwise make it difficult to maintain the 
required potential difference. 

Although the speed of the particles in cathode 
rays was thus found excessively great, their energy 
was only moderate, and their aggregate mass was 
therefore proved to be excessively minute ; their 
aggregate electric charge, however, was considerable. 
They were able to raise an electrical capacity of 
T5 microfarad several volts, sometimes as much 
as 5 volts, in the course of a second ; and in the 
same time they might be able to raise a calorimotc'.r, 
whose heat capacity was about 4 milligraninies of 
water, by 2°C. Nevertheless their mass was so 
small that it would have taken one hundred ycuirs 
to collect a vreighable amount : and thcsn only 
about one-thirtieth part of a milligramme. They 
travelled with a velocity a hundred thousand times 
greater than the speed of riile i)uliet.M, and re- 
presented the greatest velocity iq) to that time 
observed in matter, — if matter tlu'y were. And 
the electrochemical equivalent, instead of (sorning 
out in accordance with that observed in li(|uid8, 
came out some thousand times smallc^r; that is to 
say, the charge associated with each particle of the 
cathode rays seemed a thousand tiincH grealtu*, in 
proportion to the mass, than the charge, UHSocijited 
with an electrolytic ion, even of hydrogen. 
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If the flying particles were really atoms, there was 
no escape from the certainty that they were 
extraordinarily highly charged atoms; but if, as 
seemed more likely to the instinct of most of those 
who worked at the subject, the charge on the flying 
particles was the same as the charge possessed by an 
atom in electrolysis, then, assuming that the experi- 
ments were correct and correctly interpreted, there 
would be no escape from the conclusion that the 
mass associated with the ionic charge in cathode rays 
must be a thousand times smaller than the mass of a 
hydrogen atom ; in which case the cathode projectiles 
might conceivably be the detached and hitherto 
hypothetical individual electrons or atoms of elec- 
tricity themselves. It would be extremely rash, 
however, to jump to sucli a far-reaching conclusion 
on such comparatively scant evidence. The evidence 
must be confirmed by other departments of Physics 
or by other determinations based on a different 
method ; and they must be further scrutinised in 
the light of t)ther and totally different phenomena. 
Wo will first describe a determination made by 
another method, and then some striking confirmatory 
measurements ajiplied to phenomena which belong 
apparently to otlicr departments of Pliysics, 

Further MeamremenU of Catiwdo .Hay YeloeAty 
and m/o Ratio by Aid of Electrostatic 
Defection. 

Another and perhaps simpler method of deter- 
miiung the two quantities u and mje. was also 
employed by J. J. I'homson, — was indeed the first 
used by him, though it was not safe to draw a full 
deduction from it alone— vijs., by deflecting the 
same ray.s both electrostatically and maguetieally ; 
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by introducing a pair of supplementary electrodes, one 
above and one below tbe course of the rays inside 
a vacuum tube, and connecting them to the poles 
of a low-potential battery, — a few storage colls for 
instance, — thus obtaining a vertical electrostatic field 
at right angles to the cathode rays. At the same 
'time a magnetic field, produced by lateral magnet 
poles or by the lines of force due to an electric 
current in a circular ring, could be arranged at right 
angles to both the other directions; and thus the 
electrostatic deflection could bo compared with, or 
could be used to neutralise, the magnetic deflection. 
The electric field, being fixed in direction and virging 
the particles along — not across — ^the lines of force, 
will act differently to a magnetic field and will cause 
the particles to move in a parabola — the shape which 
the earth gives to a horizontal jet of water. 

Fig. 4 shows J. J. Thomson’s a])paratu8 for 
measuring the deflexion of cathode ray.s cau.Hcd by 
an electric field at right angles to thein.'®^ Tiic rays 
starting from the cathode 0 travcr.se a couple of 
earth-connected slits AB and after having passed 
between the electrified plates D and hi, ini|)iuge on 
the glass at P, producing a small hut vivid pliu.s|)hor" 
escent spot. The position of this spot is read on a 
scale pasted on the outside of the glass. In onliiiary 
vacua screening prevents any cdtic.t from l)oing ol.t- 
served, by reason of conducting power in the re.sidual 
air, developed by ionisation caused by the. ini[>ae.t of 
the flying particles; consequently llertz failed to 
obtain the deflexion whicli was otluu'wi.se to be 
expected; but by pushing the vacuum to a higher 
stage J. J. Thomson overcame thi.s diflhudty, 
measured the deflexion PP', and employed this 

* JPML Mag.^ voL 44, p. 203 (1807). 



OF CATHODE RAYS 


49 


on. V.] 

method to assist in measuring the velocity and 
other (ionstants of the cathode ray particles. 

By noting the shift of the luminous spot, the 
dcllcxion of tlio navroAV beam which has travelled 
through a length I of either an electric field of 
strength E, or a magnetic field of strength H, can 
be directly measur(ul. 

If is the original velocity of the ray particles, 
travelling jit right angh's to one of the deflecting 
fields, cither of them will have a time Iju in which 



*i.- Thomaon’H apparafens for obnervingc anti ineaBurlng tbo 
©loolioBtatlu tlulloxlim ui tiathodo vay^, 


to act ; and in that time an extra velocity w 
will bo caUKcd in tin' tlirei'.tion of tlie, electric force, or 
perpendhnilar to the (lire.c.lion of Ihc magnetic force, 
such that the rate, of e.hange of momentum of each par- 

tide will he ,, in the. one case, and-juTIcn in 

l/v. 

the other ; wliurefore. the. tlefle..xiou, if small, will bo — 



— . in the one ojvso, 

7/t '/r 
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when applicable, appears to give fairly 
Its ; and the outcome of the measure- 
i when H or CO 2 or Air is in the tube, 

)r 3 X 10® centimetres per second, 


m II to 1 ’5 X 10 c.g.s. units. 


.culty about this mode of experimenting 
the fact that the ionisabion of residual 
ibe causes it to beconae a temporary 
sreby screening the flying particles from 
electrical influence. There is no 
it they feel the full effect of the electric 
s ostensibly being applied ; indeed it 
to let them feel any of the effect. It 
bought that they were not susceptible 
;ic action at all, and tlnis was often 
an obvious argument against their 
ally charged particles ; but fortunately 
n surmised the cause of this masking 
) effect to be expected, and succeeded 
bat with high enough vacua, and other 
;ho .screening ionised atmosphere could 
,nd the oleetrostabic dcfle: 2 !cion metrically 


Velocity Inj comhined JSlectric and 
'‘.agnetio De.jlexion Method,. 

b is possible to apply tlao electrostatic 
lod to curve the patli of flying charged 
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particles, the simplicity of combining this with 
magnetic deflexion, and thereby making a couple 
of measurements simultaneously, is so great that 
it has practically replaced the more elaborate plan 
first described, — namely the method by observ- 
ing the aggregate charge, the aggregate energy, 
and the magnetic deflexion only, — a method which, 
first as an original determination, and now as a 
ehock, has been of high value. 

The simple plan lias now been applied to rays of 
various kinds, and it may bo well to give its 
simplest possible form, before proceeding to a more 
complicated case. It consists, (1) in observing the 
radius of curvature r caused by a magnetic field 
of measured strength II ; (2) in finding the electric 
field E whicb, applied at liglit angles to the magnetic 
field, just succeeds in neutralising all deflexion ; then 
a centrifugal force equation 


m furll 

or ~ oa !■ — 

e u 


applies to oxperiiuont No. t ; and a balanced force 
equation 

hi 

or 

applies to oxpe.rinumt No. 2. 

This HO(!ond experimeut gives the velocity, by 
itself ; and the first in (jombination with it gives the 
clectro-chemicsal equivalent. 

So the determination t>f velocity for the case of 
particles flying all witli one speed is remarkably 
easy : it comes out, in centimetres per second, as 
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sim ply the ratio of the strengths of the electric and 
magnetic fields (both expressed in EM units, that 
is with /« = l) which can produce equal effects 
upon the flying particles, and which therefore, if 
applied in opposition, are just able to neutralise 
each other. 


Note on Dimensions, 

To verify that the “dimensions” of the last given 
equation are correct, we can remember that an electric 

F F 

field is of dimension — ■= where F is force, 

and I is length ; and that a magnetic ficbl is of 

F F 

dimension — = ; so the ratio of an oloetrio 
m 

1 

to a magnetic field is ; wherefore -th of that 

1 . ^ 
ratio is ^ velocity. 

For practical purposes it may bo convenient to 
write the equation as a proportion sum thus ; 

the velocity of the particle 
the velocity of light 

_ the electric fi eld in (h ictrostatic. units 
the magnetic field in electromagnetic- units ' 

it being understood that the fields are a(Iju.slc.d till 
their effects are equal. 


Effect on Lenard Rdya, 

Another mode of demonstration was employed by 
Professor Lenard, and served to identify his rays with 
escaped cathode rays. 
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Fig. 5 shows Lenard’s apparatus for showing that 
his rays arc accelerated or retarded by passing along 
the lines in an electric field between two disks ah. 
Here C is the cathode of a Lcnard tube similar to 
that shown in fig. 1, and the rays enter an 
aluminium window at A, thence passing on through 
an earthed tube n leading to one of the charged 
disks. The disks arc perforated to allow the rays to 
pass through them ; they go on through another tube 



m, which, with the disks, is kept at high potential, and 
thence between the plates cZe, which represent either 
an electric or a raagnotio field; after which they 
encounter a phosphorescent screen S, and depict upon 
it a luminous spot. I’ho observation consists in 
observing the change of position of this spot when 
the sign of the electrification of the plates ah is 
changed ; for if the longitudinal field alters the 
velocity, the deflexion (saused by the field de will 
also be modified, and thereby the change in velocity 
is demonstrated, 
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Direct Determination of the Speed of Cathode 
Rays. 

Figs. 6 and 7 illustrate sufficiently tlu5 ingenious 
device applied by Wiechert, in accordance', with a 
method of Des Coudros, for directly measuring the 
velocity of cathode rays during the time of their 



transit down the axis of an exhausted glass tube of 
moderate length. 

Referring to either of the figures, the tube has a 
curved cathode C at one end, whereby the rays are 
focussed through an aperture in a sereoii B; l.hey 
then travel down the tube to another {mrforated 
screen B', whence the central portion of them roaches 
a ^osphorescent screen at S. 

The tube is excited by a kind of Toala induction 
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coil T, whoso terminals lead respectively to the 
cathode C and to a ring-anode A. 

Leyden jars I and J can l)e excited by a Ruhm- 
korff coil, or in any ordinary manner, and they 
discharge across the spark-gap G. Thereby a sub- 
sidiary opillating (dreuit, of very high frequency, 
characterised by the condensers IT and K, and 
limited to the region above the spark-gap G, is 
set in action ; and an oscillatory discharge is con- 
veyed to the symmetrical terminals PQ, whence it 
can pass round a pair of wire loops in parallel, MN 


C 



and M'N'. The effect of the alternating field, thus 
generated in the loop MN (fig. 7 ) is to wave the 
cathode rays rapidly to and fro, so that only in the 
middle of their path will they pass through the 
aperture in the disk B — the olfcct on the distant 
phosphorescent screen being then ^uito faint. But 
if a permanent magnet D is applied to them, the 
oscillation is de, fleeted, and can be limited to the 
region between the con (•re and the ciroum ferenco of 
the disk — as illustrated by the. figure; tliercby a 
greater number of rays get through, and the soroe'n 
becomes more luminous than when the magnet is not 
applied, because tlio aperture will now bo at the 
extremity of the swing of tlie oscillating rays. If 
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tlie magnet is too strong tlie screen S will become 
dark, because the oscillating rays will bo too much 
deflected, so it is possible to tell pretty sharply the 
fJiase of the oscillating rays in the riglit-haud portion 
of the tube by watching the screen B and adjusting 
bhe strength of the magnet. 

So much fox the right-liand end of the tube. Now 
proceed to the left-hand end, or nitlier to the 
movable portions depicted to the left of figs. 0 and 7. 
We have there also an oscillating (uirrcnt, M'N', in 
precisely the same phase of standing o.scillation as 
its other branch MN ; consequently, if the r’ay.s take 
no time to travel down the tub(5, tlioso whieh get 
through the disk will be defloc.tcd ns before; 
but if the time taken to travel down tlu\ tul)o 
corresponds with a quarter of the o.Ktroiuely rajiid 
oscillation-period of the condoiusors I IK, then t he 
rays deflected a maximum amount by the (irst livanc.h 
of the circuit will nob bo detleelod at all l>y the 
second, and therefore will roach the middle, of the 
screen. 

By either altering the frequonoy of oacillatiou, or 
adjusting the distance apart of the parts represented 
by BB', it is possible to cause the deflexion on the 
left-hand side to bo either in the same ijlmse, or in 
opposite phase, with the first half; or to be a xero, of 
the first, second, or third order. 

In this way, though obviously tho oxporiuumt is a 
difficult one, Wiechort was able to niakt'. ineaHuro- 
ments of the speed of tho cathode rays produe.i'd 
under given circumstaticos, 

Unfortunately tins speed is not a fi.ved aiul definite 
constant, like the velocity of light: it does not, indeed 
depend upon tho nature of the gas in the tube, nor 
on the substance of the electrodes, but it does vary 
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with the density of the residual gas and with the 
intensity of the electric field. 

In order to prevent the diffusion and spreading out 
of the ray.s, on their passage down the tube, a longi- 
tudinal magnetising helix was applied to it, so as to 
concentrate the rays along the axis. 

If u is the velocity to be measured, and I the 
distance they travel to give the first zero, then 
u = Anl, where n is the frequency of the electric 
oscillation in the circuit MN. 

In one experiment I was 39 centimetres, and n 
was 32 million per second; wherefore u comes out 
4 '5 X 10“ cm. per see. 

As soon as the velocity is known, tlic ratio ejm can 
1)0 determined by measuring the magnetic deflexion 
of the ra)^H. The riingc of uncertainty for this 
determination, as made by Wicchert, lies between 
1'55 and I'Ol times lOh It can hardly be con- 
sidered the most accurate method of nicasurcmont, 
but its directness and ingenuity entitle it to atten- 
tion. 



CHAPTER VI 


DETEEMINATION OF ELECTROCIIEMIOATi EQUIVA 
LENT IN THE CASE OF ELECTltlO LEAKAGE 
IN ULTRA-VIOLET LIGHT. 

The same ratio of m to e, or a ratio of quite com- 
parable magnitude, is obtained from imciiomona 
which at first sight appear to bo distinct. 

One of these phenomena is the (ilh'-cb oP ultra- 
violet light in discharging negative electricity from 
a clean metal or other surface ; a phenomenon dis- 
covered by Hertz, and the iiwoatigatiou of which 
was continued especially by Rigid and by Elsbor and 
Geitel. (See one of the appendices to my " Signalling 
without Wires," published by the Electrician Co.) 
If ultra-violet light, whether from a spark or from 
a flame, fall upon a negatively olcc.trificd surface, 
then in general there will bo a leak of electricity 
from that surface : which electricity am bo rocudved 
by any body placed opposite the illuminated one, 
and can be used to charge an electrometer of 
known capacity, and so bo measured. Tlio writer, 
assisted by Mr. Benjamin Davies, Invs made very 
many experiments in this subject, wldidi, how- 
ever, have not yet been published. Now Elster 
and Geitel made the notable discovery that the 
application of a magnet afi'oeted the rate of leak, 
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nccordiiig to the direction of its lines of force. This 
phenomenon suggested a magnetic deflexion of the 
lines of leak, -which were shown by Righi to bo 
singularly definite trajectories, and indicated that 
the leakage was due to the bodily propulsion of 
negatively electrified particles analogous to the 
cathode rays. A. vacuum is not necessary to observe 
the effect, but in a vacuum the effect is more pro- 
minent and more accurately measurable. The 
di-fforence between this case and an ordinary vacuum- 
tube case, is that f,hcre is no great jo.m.p. or gradient 
of potential applied, so there is nothing of the 
nature of a disruptive discharge ; in fact there is no 
leak at all until-~by the stimulus of the presumably 
synchronous vibrations of ultra-violet light — the 
molecules arc thrown into a state of agitation, and 
the attachment; of the negative charge, or of some 
negatively charged corpuscles, thereby loosened. 

Two things arc necessary to get the particles away 
from the plate. ; t.hey must be loosened by the impact 
of ultra-violet, light — the direction of polarisation of 
this light having a very decided influence when 
the surface is smooth, — and the surface on which 
they exist must likewise he negatively charged, 
so ns to repel them. Neither light alone nor 
electrification alone will produce any considerable 
effect; co-operation is necessary. Light alone is 
able to cause a di(jhf, po.sitivo eloctrifioation,* by 
the diffusion away of negative eorpusolos-- -a process 
which ivS assisted by a blast of air. Whether 
electrification alone e.an produce a perceptible effect 
doponds on tlie teniperature of the metal : when 
that is high, it ('.an- as was discovered by Guthrie. 

*Thta e£f©ab wiw tlinat)vaml HimultanaouHly by Eigbi md by 
Hallwacba Bw PhiL 18BH, Apiil, p. 814, and July, p, 78. 



60 LEAKAGE IN ULTRA-VIOLET LIGHT [cn. vi. 

J. J. Thomson devised a most ingenious method 
of carrying out this experiment — that of discharge 
by means of ultra-violet light — in a metrical 
manner, and of deducing from it the electrochemical 
equivalent of the charged particles, that is to say 
the amount of matter which each contain.s com- 
pared with the electric charge which each carries. 



Fio. 8,-- J. J. Thomaoii’s np^araina for meanurlnp^ Ui© 
deflexion of the elootrio ohargo thrown off oloau lu^fciv© metal by 
ultra-violet light in a vacuum, 'a.'lio nogativo ©botrodo i« a oltian ulna 
plate AB which can bo raised or lowered, the other la wire gauw OD 
oonneotod to an elootrosoopo. Ultra-violet light enters trough the 
quartz plate EF, and then a mognotlo held is applied* 

To this end ho employed the usual firrangcment. 
of a small negatively charged zinc plate on wiueh 
ultra-violet light from a distant are-larnn wuld 
shine ; the light passing through a plate of (quartz, 
and also through a parallel piece of wire gauze 
connected with an oleotroraoter. The distance be- 
tween the zinc plate and the metallie gauze was 
variable, and the experiment consisted in observing 
how much electricity reached the gauze from the 
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negatively cliarged plate, under the influence of 
light; first without, and then with, a magnetic 
field of measured strength applied across the region 
between them. 

A little calculation of extreme beauty showed him 
that the paths of the flying particles under magnetic 

Ga.uze 


Zinc 



Fig. 9. — Diagram showing the tlioorotioal paths of the elootrons 
emitted from oloan nogativoly-obargcd ssino in nltm-violot light, iiudor tho 
influence of a strong porpondioular magnotio flold ; tho jdno and gauae 
being a magnified reproBoiitation of the AB and OD in fig. 8. The rajs 
would naturally roach tho gausso and convoy a current to the electromotor, 
but under tho influence of the magnotio field their paths become cycloids 
and they fail to roach tho gausso unlosa it is brought nearer. Tho critical 
distance between the jslno and tho gauze— when they are just able to 
reach it — is what is measured. 

influence would bo cycloids, whose generating circles 
contained the ratio m/e as well as tho ratio E/IP ; 
that is to say their trajectory, if it could bo observed, 
would, involve the electrochemical ecjuivalont required, 
and likewise the ratio of the electric to the magnetic 
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field applied, as well as tlic absolute strength of the 
magnetic field. 

The calculation is so simple that it may be given 
here : 


Let figure 9 show the zinc and the gauze facing 
each other, close together, with a gradient of 
potential (V-V')/cZ = E between them; and let a 
magnetic field of density H (which lettisr i.s, in this 
case, to represent m times the intensity, for brevity 
of writing) be applied normal to the paper. 

Then the motion of a charged particle detac.hod 
and propelled from the origin into the region between 
the plates, provided that the plates are. in vae.uum 
so that there is no resisting medium to interfere, 
will be — taking the axis of x as a perpendicular to 

my = Hex 


the initial values of x, y, x, and y, being all zero. 

The solution of these equations, under thc.se initial 

conditions, is /, 

’ x = a(l-coRM) 

= — sill ht) 

1 Ew - , TT e 
where a - fjs and 6 » H . — ; 

H*e wi. 


and from these we see that x is oscillatory in accord- 
ance with a versine, ranging from 0 to 2a and back ; 
while y is both oscillatory and progressive, com- 

pleting its period in a time -J., and increasing in 

every such period by the amount 2 to. In other 
words, the equations represent a cycloid traced by 
the rim of a circle of radius a rolling on the zinc 
plate, 
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There is no known way of actually observing this 
quite invisible and purely theoretical trajectory ; but 
when it is perceived that in accordance with this 
theory all the particles moving between the plates 
will have similar paths — so far as they do not come 
near the edge of cither plate, in which case they 
would not be propelled so far — it becomes plain that 
there should be a critical distance, within which the 
gauze would receive and intercept all the particles, 
and beyond which not a single one would be able to 
reach it. In the figure the gauze is depicted as set 
just beyond the critical distance, so that it would 
receive no electricity, even though the ultra-violet 
light wore fully shining ; but so that if either its 
distance from the zinc, were diminished, or the electric 
field strengthened, or the magnetic field weakened, 
the gauze would at once come within range and 
receive a plentiful supply of charge from the hypo- 
thetical cycloidally-flyiug particles. And the critical 
distance at which this would happen — a thing easily 
experimentally observed — would bo independent of 
the brightness of the ultra-violet light, and would 
merely equal the diameter of the generating circle. In 
other words, — the critical distance between the plates, 
when effective transfer of cluu’ge occurred, should be 

2a, or ; a quantity which by this ingenious 

means is therefore measurable. Wherefore the ratio 
w/e for this cw-so can be oxpcrimentnlly determined, 
if B and II are both Icnown. The apparatus 
employed was shown in Fig. 8. 

The sharpness of actual experimental observation 
of the critical distance was not found quite so great 
as this simple theory would indicate, because of 
disturbing cause-s ; onti of which was the presence of 
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some residual air, interfering with the perfectly free 
path of the moving bodies. ’Nevertheless it was sharp 
enough for fair determination; and the re.Hult was 
again, in this case also, that the ratio ejm came out 
10^ e.g.s,, or more exactly 7x10"; corresponding 
closely with the values found by .1. J. I'liomson, 
confirmed subsequently by both Lcnard and JCauf- 
mann, for the cathode ray particles. 

Another phenomenon on which raoaaurcinents wore 
made was the discharge of negative electricity iVom 
an incandescent carbon lilamcnt in an atmosplusro of 
rarefied hydrogen. This also is subject to disturb- 
ance by a magnetic field, as was shown by Mister and 
Geitel ; and a series of measurements, on lines similar 
to the preceding, resulted in a value 

~ = 87 X 10" c.g.s., 

m ® 

a value of the same order of magintudo as boioro: one 
thousand times greater than the 0 Iec.tr 0 clu 5 n 1 if. 1 d or 
electrolytic value for hydrogen, and many thouHand 
times greater than for other substances, but always 
constant and independent of the nature of the sub- 
stance present. 

Another method for measuring these (lunntitica, in 
what may seem a more direct manner, wa.s (bwisod 
by Profes.sor Lcnard and is dcpie.tad in fig. 10. Jt 
will be realised that the rctnaricabhs cluiractur of 
these experiments is the fact that nothing is visibhs : 
there are no cathode rays to !)e 8af5n, nor any 
phosphorescent spot produced; fdl that c‘.uu bcj 
observed is either a maximum (hsdcxiou of the 
electrometer, as by Lonard’a plan, or a ta'vo dcflcxiotx 
suddenly changed to a finite deHexion, in .1. J. 
Thomson’s plan. 
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Lenard’s method may be described as follows ; — 

Light from the source L, which is a spark between 
zinc electrodes, passes through a quartz plate Q, 
where it enters the vacuum and falls upon a 
negatively electrified aluminium plate 0. B is a 
perforated earthed screen through which the particles 
are shot till they fall upon tlie plate E, which is 
connected to an olootrometer; or if deflected by a 
magnet they will fall upon the plate F, The amount 


E 


Ka. 10. TjonftwVs ftjipamtuB fur moBBUWiig the olootrooliomioafj J' 
equlvalcnli <il tlio dlHoliarKa oC nugatlvn alooSioity from u oatbudtf 
llluminftliod by ultrft-violut light iu vuouo. ’ 

of charge received liy these two terminals*: ’iS 
separately measured and plotted, with magE^%tl6 
field as abscisHa, fl-’lie eburge received Jjy IS pwli 
decrease, and that received by F will increas(^^as 
the magnetic field is increased, until a'maxijBiQ» 
is received by F ; which will happen when the c^ijo 
of the plate is the middle of the stream of 
A further inexeaHc in the magnetic force will .^ttse 
the charge received to fidl oil'. I’he lield ret^ired 
to give this maximum is meaHured - lieing detormined 
by metrical examination of the plotted curve. ’ ©16 
paths of the particles between B and F mi^t rbe 
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circles— since they are not subjected to any but a 
deflecting force when they have passed through the 
screen. When the maximum is received by tlie i)late 
P, the tangent to the mean circle will bo horizontal 
at the position of the hole B ; and this facit, together 
with the passing of this cireular trajectory through 
the centre of the plate P, is suflicient to dotc'.rmiuo it, 
and so to give its radius of curvature, --which will 
be equal to ^ 

eir 

The velocity u is separately estimated by assuming 
that it is acquired under eloetricnl influence between 
C and B, the equation being 

V'), 

the latter factor being the diifereiiee of potential 
between C and B. 

Thus the two quantities u and e/w are determined. 


Positive and Negative Garners. 

In connexion with the al}ovo experiments it is 
important to notice that the above value of ejm for 
the negative carriers is only obtained at lo w prasnurex 
If the pressure is high the ordinary eloetrolyi ie, value 
otejm, or something still smaller, can be obt-ained; and 
this suggests that at ordinary presBures tlm tdoetron 
becomes loaded up by attachitig itself to an abim, or 
even by collecting round itself a group of atoms. 
Purther evidence of this is afforded by the fac.t that 
there is but little difference between the velocities of 
the positive and negative ions, wlum urged by an 
electric field, in a gas at atmospherio pressure. It 
will be seen, further on, that in tins case of tlie 
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electrons discharged from Radium, their velocity is 
80 great that this loading effect is imperceptible. 

Nothing larger than the ordinary electrolytic value 
for the e/m ratio is ever given by the positive carriers. 
These are not so easy to observe, but Wien* has 
examined them by detecting and measuring the 
slight magnetic deflexion exhibited by certain 
rays behind a perforated cathode in a vacuum tube, 
which Goldstein disciovered and called Kanal-strahlen, 
and which Wien and Ewers proved wore carriers of 
positive electricity. Wien has shown that they move 
fairly quiclcly — that is to say about 3G0 kilometres 
per second — in spite of the fact that in hydrogen their 
ratio fi/m is of the order 10^ that is to say the 
proper value for a liydrogou atom or ion. With 
other substances tlui .ratio has been found to vary 
with tlie sirbstance and a])proximatoly to equal the 
electrolytic value, for these positively charged 
atoms. J. J. I'homson has likewise made measure- 
ments on the positive carriers, by means of the 
discharge from incandescent filaments and other 
positively charg(‘.d hot bodies, and has confirmed 
Wien’s results — obtaining an electrolytic value for 
their electrochemical equivalent. 

'I'lius it is forcibly suggested that whereas the 
positive carriers of electricity are always io7is, cou- 
dating of a unitH-<!harge associated with an atom, 
the ncgativ('. carriers are sometimoa diasociated from 
the main bullc of the atom, as if they were only 
fractions or fragments or (-.onstituenta or a])peudagca 
of an atom. 'L’lu'se, detae.lied and Hying loose, are 
able to attain to prodigious speed. For any acceler- 
ation to which they are. subjected is a thousand-fold 

^Wiod. Ann. Ixv. p, 440. Bcju alno ICwor^ iu Wi^d. Ann. Ixix, 
p. 187. 
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greater than it is oven for an atom of liydrngen,— 
weighed down and burdened as that is with a mass 
of inert material, and subject only to the very same 
propulsive force. 

Think of the mobility of a partic.lc which oxperienoed 
the usual gravitation pull and had only -^oVo the 
corresponding mass to carry. Such a mobile particle 
as that would drop under the inlluencc of gravity, not 
16 feet in the first second, as ovorythiug wo know 
does near the surface of the earth, but. 16,000 feet, 
or about three miles ; and would in one Hc.oond 
acquire under gravity a velocity of si.K miles per 
second ; enough almost to carry it out of tlu'. range 
of the earth’s attraction altogether, and more', than 
enough to carry it round the world, if liretl horizon- 
tally with such a speed. 

The acceleration to which particles are. Hid)ject in a 
vacuum tube is far greater even than thi.s, beaiuso 
there the forces are so prodigious ; gravitation force 
on ions is almost infinitesimal compared with common 
electrical force on their cliarges. Sup})o.se, for in- 
stance, that they are in a field such as may easily otscur 
in a vacuum tube, of 8,000 volts per ce.ntimetn^, ono- 
tenth of what ordinary air will stand, or Um idtatlro- 
static units. The force urging one, of ilu^se. carriers 
to move is then 10 x 10"‘''=>T0"” dyne; the mass 
being moved, if it is a whole atom of hydrogen, <•.(/. 
if it were a positive carrier in a h^tlrogen atmosphere, 
is only 10"“** gramme; and accordingly tlu>. aticiile ration 
it experiences is 10“ centimetres per second per scfcoml, 
or a billion times ff. Whereas if it were the. smallest 
kind of negative carrier, its aocoluration would he a 
thousand times greater still. 

The velocity acquired iu passing over a (llHt.ane,e. of 
five centimetres under this force is olitained by fiudiug 
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the square root of 3/A ; that is to say, it is 1. 0® centi- 
metres per second for a positive carrier, and 3x 10® 
centimetres per second for a negative carrier ; and 
these are approximately the orders of magnitude 
actually observed. 

Thus the hypothesis becomes more and more justified 
that units of positive cluirge arc always as.sociated 
witli atoms, in operations which we can control, 
and are consequently always complete ions ; while 
the units of negative charge appear in some cases 
with a separate existence, — perhaps carrying with 
them part of the atom, in which case they might bo 
called corpuscles, having a material nucleus ; perhaps 
pure disembodied elec/tricity, whatever that may 
DC — an electrical cluuge diitached from matter, — a 
more (iomplcxity in the ether, in which case they 
wovdd correspond with those hypothetical entities 
familiar in theoretical and mathematical treatment as 
“ electrons.” 
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IONISATION OF GASES. 

It is constaTitly neccssai'y to speak of the air or other 
medium being ‘ ionised ’ by tlio passage of rays, and 
by many other processe,$. Tho term means t.Uab the 
molecules are split up, or dissocnat-ed, into tlieir 
constituent atoms; which, being oppositely e.harged, 
form anions and cations reapcKJtivcly. It appears to 
be an effect due to tho violent oiu‘,ounUir of an (Uier- 
getically flying particle with a comparativedy sUitiouary 
molecule : a sudden electric wave or pulse, if thin and 
forcible enough, may do the ,same ; the e-fl’eet in any 
case is to break tho molccnlo a.sund(!r into const, ituont 
ions, some positively, ,somc negatively, eliargod, 
thereby converting the medium into a true' gHS(s,)UH 
electrolyte, until the di8,sociatod atoms havci hud time 
to recombine — a time wliieh may bo measured in 
minutes. It is owing to this (dl'eet iliat X-rays are 
able so readily to discharge an cleotroseope or other 
charged body, whatever the sign of ite e,harg(> may 
be; for it is manifest that any ions in th(i atuumphero 
of opposite sign will be attracted to it arid will 
neutralise any charge it may pos.soss. louisc'd air 
can always bo detected by its making elec.troscopcs 
leak, irrespective of any dofoot of insulation in solid 
supports. 
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The ionising power of X-rays was observed by 
Righi vSoou after their discovery, and almost simul- 
taneously by other physicists. 

The terrestrial atmosphere out of doors is usually 
more or less ionised, and in underground air the 
ionisation is still more marked, probably owing to 
radio-activity in the soil. Elster and Geitel have 
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oxamined this matter thoroughly, and Ta'.nard found 
that evc.n t.he Hplashing of water introduced ions into 
air, so that the atmosphere at base of a waterfall was 
usually in some degree ionised. 

Bthamour of Hob Motals in 6r«se.<f. 

Fig. 1 1 must stand as representative and typical 
of a mass of important work on the ionisation and 
disintegration of material cllectad by high tonmora- 
ture; it represents the simple apparatus of Elster 
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and Geitel by wbicb they examined in great detail 
a number of incandescent metals in the form of a 
wire or strip heated by an electric current in different 
gases. In J. J. Thomson’s variety of experiment 
this current was produced in the secondary of a 
transformer, so as to be conveniently insulated. The 
details are long and complicated, and must be referred 
to in J. J. Thomson’s book on Thv- CowhuiLwn of 
Electricity through Gases ; but briefly it may bo 
said that when the gas in the vessel is air, the metal 
plate A receives a positive charge when tlu'. wire is 
heated to a dull red glow ; as it becomes hotter the 
charge increases until the wire is at a yellow boat ; 
if it is made hotter than that, the charge (liminialica, 
and, at the higlieat temperature, is very small. In 
hydrogen the plate is found to receive lu'gativc elec- 
tricity when the wire is hot enough, though at a lower 
temperature it receives positive. To got rid of 
occluded gases, J. J. Thomson often kept it. red hot for 
a week or more. McClelland, Branly, H. A. Wilson, 
and others have investigated this phenomenon, which 
has also been studied in a different form by Precco 
and Fleming — following up a curious observation 
made by Edison in connexion with iiuJivudesoent 
lamps. Eecent measurements by 0. W. Richardson 
have done much to reduce it to a delhdte physical 
specification. The evidence that an iueaudesc.eut 
platinum wire disintegrates, or at any rate gives off 
material, is the fact discovered by Aitlceu, that a 
cloud becomes visible in a luminous beam, if the 
moist gas surrounding the wire bo suddenly cooled. 
This indeed can occur at a much lower tem|)oraturo 
than incandescence, Mr, Owen {Phil. Mag., Sept., 
1903), found that when a platinum wire was in air 
there was always a cloud when the temperature of 
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the wire was raised to about 300” C., even after 
long-continued previous incandescence of the wire ; 
whereas in pure moist hydrogen the wire had to be 
raised to red heat before a cloud formed. 

Meamretncnts of Ionisation Current. 

The whole subject of the dissociation or breaking up 
of molecules whicjh is ciFccted in gases by Rdntgen rays, 
by radium radiation, and by a great number of other 
influences — a process wiiicli is known as ionisation, 
because the broken constituents of the molecule arc 
oppositely charged — is too large to be conveniently 
entered upon lierc. It has been worked at by a 
multitude of exptirimonters, and for an account of 
their i'eauit..s the. work of .1. .1, Thomson on The 
Discharge of lUeetrieity through Oases must be 
referred to. It may sulHc-e to say that the products 
of decom[)ositiou, though in the first instance no 
doubt simple ions, seem to bo speedily complicated 
by the aggregation of otlu'.r molecules round them ; 
and atu‘.ordiugly the diil'iiBion or progress of these ions 
is liable to be. ri'tarded, and, when measured, is found 
slower than might otherwise have been expected. 
On the whole, tlu^ negative ions tend to move faster 
than the po.sitive ones, but t.he dillercuec', is not 
necessarily grisater than can be observed in litj^uid 
GlectrolyHis. llecoiit work by 11. A. Wilson and 
E. Gobi, on c.onduc.tion in flames, has however shown 
that the iu'.gative carriisrs in that (;ase arc free 
olootrons. 

One of the easiest things to measure is the con- 
ductivity of air in this ionised condition, tliat is to 
say, tlu^ total current transmitted by it between two 
electroclcH immersed in it and connected to some 
sufficiently sonaibive current-measuring device — a 
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galvauoDiBter in some cases, or an electrometer 
^ranged so as to show a measured leak in 
others. 

A saturation value of the current can thus be 
found, when all the ions present are taking |)art in 
the action to the full extent; tlui curremt then 
reaches a maximum, which cannot bo exceeded ; and 
its amount would furnish an estimate of the number 
of ions present, if the speed and the oharge of each 
were known. Measurements of tin; tofail cuirrcnt iVew, 
the quantity of electricity oonveycal pen’ second, have 
been made by Lenard^ and Rigid* and Thomson,® 
and in various gases by Rutlierford® of Manchester; 
by Beattie® and do Smolan at Glasgow, by Zchuiy® of 
Minnesota, by McClellaiuR on hot gas(>.s from llamca, 
by McLennan® of Toronto, by Richardson,® H. A. 
Wilson,®® and Owen®® on in(‘.andcHc.eut lilamonta. 
Townsend also has made many oxporimonirfH on the 
diffusion speed of ions. 

Professor Zeleny measured the velocity by a safe 
and direct method of making the pai’tic.l(« fly down a 
tube against a wind, and ob.S{vrving the rHt.<i of the 
current of air which was just able to with-spind tlidr 
progress : those measuromonta (sonstituting a satis- 
faotory confirmation of Thomson’s ami RuUvc'.rfonl’H 
more indirectly inferred results. 

1 Wiod. Ann.y vol. G3, p. 253. 

^ Rend, della R. Aooad, dei Linmi^ Mhj, 18110 . 

Mag,^ November, 1896. 

^lUd,^ November, 1890, and April, IBD7. 

mid., June, 1897. » Ihul, July, 1HD8. » IbuL, .1 uly. IHOH 

^PMl. Tram., vol. 195, p. 49, 1809. 

'^Ibid., vol. 201, 1903. Ibid., vol. 202, 1003. 

^Phil. Mag., Auguat, 1904. 
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Condensation of Moisture Experiments. 

C. T. R. Wilson investigated the amount of expan- 
sion required by both positive and negative ions to 
act effectively as nuclei in condensing moisture. The 
ions were produced by Rontgen rays, and electrolytic 
terminals wore inserted to effect a separation of 
the ions. lie found that with an expansion such 
that the ratio of the final to the initial volume was 
1'25, there was a fog in the half of the vessel which 
contained negative ions, and hardly any condensation 
in the half containing positive ones, but that when 
the expansion-ratio was as much as l/Sl there was 
little or no diHe.rcnoo to be seen between the two 
halves. Thus proving that the negative ions are 
more cflicicnt, as centre.s of condensation for water- 
vapour, than the positive ions. 

It may bo douht(id whether electrons themselves 
arc able to act as nuclei and condense vapour round 
them, and it appears unlikely that they can do that 
without the aid of one or more atoms of matter. 
On this subject Mr. 0. R. Wilson has favoured me 
with the following opinion : — 

“ I certaitily think that in prac.tically all cases the 
electron has already bcuni loaded to form a negative 
ion, before the expansion by which the necessary 
anpersaturation is brought about has been effected. 
In air whic.h c.oiU.ains less moisture than corresponds 
to a four-fold ,su[)crsatu ration, equilibrium is probably 
reached when the elcct.ron has collected around itself 
a group of molec.uh's not much larger than the ion 
in dry air. If howeveu’ a four- fold auporsaturation 
is exceeded, tin', c.onditions become un.stable and the 
cluster of molec.ules iiu'.reas(!H to a visible drop. If 
electrons enter the e.xpausiou chamber immediately 
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after an expansion, wliilo the four-fdhl sni)o.r.saturatioii 
is still exceeded, no doubt they will form mie.lei for 
the condensation of drops without any pause' at the 
ion stage. But in the ultraviolet- ligl it ex [leri incuts 
I have no doubt that the oloctrona, or all but an 
insignificant proportion of them, had been loadi-d up 
and had existed as ions before the expanaion was 
made.” 

The next chapter contains an account of what are 
probably the most important oxperimouta yet made 
in the Cavendish Laboratory. 
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So .far, all tlic measurements quoted have resulted in 
a consensus of certainty respecting our knowledge of 
ejm for gaseous conduction and radiation ; and tke 
meaauromotits made on tlio catkode rays in a Crookes’s 
tube, or near a plate leaking in ultra-violet liglit, 
have likewise given us a knowledge of tkeir velocity, 
and shown that it is about one-thirtieth of the velocity 
of light : more or less according to circumstances. 
But so far no direcst estimate has been made of either 
e or m separately. 'I’he dilUculty of making these 
measurements is great, because we are dealing with an 
aggregate of an enormous and unknown number of 
those bodi('.s. ft would not be difficsult to make a 
determination of thci aggregate muss of a set of pro- 
jectiles, say N wi., where N is the number falliug on a 
target in a given time, by moans of the heat which 
the blow generates ; or better, perhaps, by the 
momentum wlueli they would impart to a moving 
arm after the fashion of a ballistio pendulum ; 
provided tluur vehxdty u wc^re known, as in this 
case it is. The aggregate emsrgy or the 

aggregate momentum N-mw, could thus bo found ; but 
how is m to brs separated from N ? 

Again, if the particles are e.olleetcd in a hollow 
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vessel attached to an electromotor of Iciiown capacity, 
it is not difficult to estimate the total quantity of 
electricity which enters the vessel in a ffivcn time, 
that is to say, to determine Ne ; but, again, how are 
we to discriminate e from N ? 

Another thing that is comparatively easy to deter- 
mine, especially in such cases as hsak from a negative 
surface under the action of ultra-violet light., or the 
conductivity of air induced by the intluciuic of lldntgon 
rays, is the total current transmitted ; viz. the quantity 
New, the quantity of electricity conveyed per scciond 
between electrodes immersed in the. air, and main- 
tained at a sufficiently high diflereiute of potential 
to cause all the corpuscles or the ions present to 
take part in conducting the current. 

We may consider the following (juantitiiis experi- 
mentally determined, by researches carried on at 
the Cavendish laboratory and elsowlu're, and so far 
already described or indicated in the preociding three 

chapters : — , 

^ ejm 

u 

Ne 

Nm 

New 

But still we have not described a method of 
measuring separately either « or m: only ni(;thoda 
of measuring their ratio. 

If only it were now possible to count the. e.ov]»UHe.k'8 
or electrons, — to determine the number N which are 
started into existence, or which cntl^r the hollow 
vessel or which take part in conveying the eurrtmt in 
the case of a leak by ultra-violet light,— wt) should no 
longer have to guess at the actual value of c and of m 
separately, but should have really detci'mined them. 
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This brilliant research has actually boon carried out 
by Professor J. J. Thomson, by means of a method 
partly due to Mr. G. T. R. Wilson, supplementing a 
fact discovered by Mr, Aitken, and interpreted in the 
light of hydrodynamic principles laid down long ago 
by Sir George Stokes. 

I must be excused for waxing somewhat enthusiastic 
over this matter : it .seems to me one of the most 
brilliant things that has recently been done in experi- 
mental physics. Indeed 1 .should not need much 
urging to cancel the “ recently ” from this sentence ; 
save that it is never safe for a contemporary to usurp 
the function of a future historian of science, who can 
regard mattors from a proper perspective. 

The matttu- is rather long to explain from the 
beginning, and I must take it in sections. 

Aithm and Cloud Nuclei. 

First of all, Mr. doliu Aitkou,*of Edinburgh, dis- 
covered in 1880 that cloud or mist globules could 
not form witliout solid nuclei, so that in perfectly 
clear and dust-freo air aijueous vapour did not 
condense, and mist did not form. {Sec, for instance, 
my lecture to the British Association at Montreal, in 
1884, on “Dust”- Nnhire, vol. .'il, p. 208.) 

Without solid Hurfaci's, in clear space, vapours 
could become supensaturatod ; but the introduction 
of a nuch'.us would immediately start condensation, 
and according to the mmihiu' of niieh'i, or couden- 
satiou contn«, so will he the number of cloud 
globules formed. 

Ev(iry cloud or mist gloludo is c,s.Hentially n 
minute falling raindrop, not lloatiug in the lea.Ht, but 
falling through a resisting tmalium- fulling slowly 

* 7V«m. /f.A'. Utlin., vol. 30. pp. 337-3CiS (1SS3). 
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because it is of such insignificant weight compared 
with its surface— but falling always relatively to the 
air. A cloud may readily be carried by a current 
of air, but that is only because the air is moving up 
faster than the drops are trickling down througli it. 
No motion of the air disturbs tlui relative falling 
motion: the absolute motion with reference to the 
earth’s surface is the resultant of the two. 

The fact that nuclei are required for mist precipi- 
tation can be proved by filtering them out with 
cotton wool, and finding that as the nuclei get fewer 
the mist condensation differs in character, becoming 
ultimately what is called a Scotch mist, such as forms 
in fairly clean air ; where since the dust particles are 
comparatively few, the centres of coudiuiBatiou are 
few also, and accordingly have each to condense a 
considerable amount of vapour; so that the drops are 
not nearly so close together and aro bigger ; wherefore 
they fall quicker, like very fine rain. In perfectly 
clean elaborately-filtered air the dew point may be far 
passed without any vapour condensing, and the, space 
will remain quite transparotit in spite of its being 
supersaturated with vapour. 

The reason for this effect of, and n(!( 50 s.Mity for, 
nuclei, is thrown into strong relief by Lord Ktslvin's 
theory concerning the efiect of curvature, on vai)Our 
tension,* because the more a liciuid surface is curved 
the more it tends to evaporate'., ami an iulinitely 
convex surface would immediately lltush off into 
vapour. Consequently an infinitesimal globule of 
liquid cannot exist; vapour can only condense on a 
surface of finite curvature, such as is alforded by a 
dust particle or other body (sonsisting of a large 
aggregate of atoms. For it must bo rainenibered 

* See, for instanoe, Maxwoll’e Ttiaory of limt, 18 D 1 editiou, j>, aUt), 
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bhat a single grain of lycopodium powder contains 
ibout a trillion atoms, and a dust particle big enough 
bo condense vapour need not c-onsist of more than a 
billion, or pcsrhaps not more tlvan a million, atoms, 
lud need by no nicaus be big enough to be visible 
jvcn in a inic.roscopc. Tt is, liowevcr, material enough 
bo be stopped by a j)ropo.iiy pached cotton- wool filter. 


J. J. and EloMrical Nuclei. 

In 1888 it was sliown by J. ,1. Thomson, in his 
book A'pplimtionH of Dyna/niies to Physios and 
Chemistry, p. 1(54, that electrification of a body 
would partially neutralise', the cfii'.ct of curvature, and 
30 assist the condensation of vapour on a convex 
surface. 

Consider a drop of Hejuid, or a soap bubble; the 
ift'ect of tlic ('.urvatnn'. of tbe surface is to give a 
L’adial component of surface tension inwards, i*,ausing 
;vn increased pressure, internally. The oHcct of 
dcctrification is just tlu*. opposites : it causes a direct 
pressure outwards, which goes by the name of electric 
tension. 

The way these depend on si/.e is as follows : 

The radial- pressure coiujament of the surface- 
tension T' is 

2T 

— inwards. 

r 


The electric, tension is 


K 


Hit Kr^ 


outwards. 


riioy are dilfere.ntly aifected, therefore, by the size 
af the globule. ; hence at some size, or other they must 
balance, and such an eleetrilicd convex surface will 
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behave as if it were unelectrified but flat. Accord- 
ingly vapour wliicli would refuse to condense on an 
unelectrified convex surface, until far be.low the dew 
point, will begin to condense on it, if sufliciently 
electrified, the instant the dew point is reached. 

The critical size at which the ionic charge enables 
a sphere of water to act as regards condensation as if 
it were flat, can be reckoned by ccpiating the pressure 
to the tension, thus : 

2T ^ 

r Stt w’* 


iq-21 

i6^/r'"r)()x 80 



'''* 0 . 0 . 


whence r = 10"® approximately, or is of atomic 
magnitude. 

Hence ions may be expected to cotulen.sc vapour 
at the ordinary dew-point; and anyt.liing Inggor 
which possesses the same chargti can condense it 
still more easily. 

Accordingly an eleetrie c.harge assists vapour to 
condense ; and a sutHciont (^h'ctrie c.hargci might 
cause it to condense on ((uite a small Imdy — as 
small oven as an atom. Hence in tins pro-sem-e. of 
ions, dust particles are not netajssary mr conden- 
sation. Vapour may oondouso on tlitwe. olec.trioal 
nuclei without the need for solids of (init(‘. curva- 
ture. Tho electrical nuclei cannot bts completely 
filtered out by cotton wool : they will e.xiHt or 
can be produced in dust- free air. No doubt if 
they are passed through a grcvit amount of metal 
gauze they may bo diminished in numlaw, but 
they are not easily gob rid of except by their 
owjr diffusion, which does idtiraately enable them 
to pair off or to migrate to the side.M of tin' vessel. 
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They can be got rid of most quickly, however, by intro- 
ducing an electric field, that i.g to say by supplying 
electrodes maintained at a few volts difference of 
potential. 'J.'hey will then iimncdiately make a 
procession, as in elc(iti,‘olysia, only with much greater 
speed, because their motion is nnu-li less resisted or 
interfered with by chance (>,ollisious ; so they will 
soon reach and cling to tlioir respective electrodes, 
and in that case again no true mist can form. But 
it must b(^ rcnnomlxired that any of the numerous 
causes of ioui.sation can produce some of them 
again. 

While ions arc present in con.siderable numbers 
a thick mist will form whenever the space is 
saturated with vupoui', but it will bo a mist 
of different H))peavHa(}c from the slight rain-like 
condensation which may bo seen forming round the 
few residual dust particles. The mist globules will 
usually be of unifonu sii^e, and some estimate of that 
size can be roughly at.tempted by the diffraction 
colours which can lie s(‘.cu if a point of light is looked 
at througli the mist : mtt, however, a very easy plan 
for making a trust wcn’thy esLimato,* 

Electrical nuclei can bc'. produced in various 
ways — by anylhiug, in fact, winch di.Haociates the air 
or which fills it with ions. ISoiue are produced by 
the Hplushiug and spray of water ; some are given off 
from flames, and from red-hot bodies ; they are 
produced in cousiderahle numbers when Eontgon 
and when Bcccjuc'.rel rays travel through air; they 
can ho given off by radio-active substances like 
uranium ; ami they are easily emitted by a nega- 
tively oharged nustallie. smTaco e.vposed to ultra-violet 
light. 

U. T. U. VV'il8(m, Phil Tmm., ISOT. A, vmI, IHU, p. 283, 
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Wilson and Metrical Cloud Condensation. 

Mr. 0. T. E. Wilson,* in liis study at tlie Cavcncliali 
Laboratory of cloud formation under tho influence 
of Ebntgen rays and otber agents, devised a plan 
for precipitating a definite aiul known (juantity of 
aqueous vapour in a visible form. Tliis was done by 
an arrangement for making a sudden or adiabatic 
expansion of saturated air, and making it to a 
carefully measured amount. I’hc apparatus employed 
is shown in Eig. 12. 

One test-tube moving inside auot lu'V is employed 
as a piston, and by a certain arrangement flic piston 
was enabled to drop with groat sudtlenm'Hs and tluw to 
produce a measured small exhaustion and eonseiiuont 
cooling in tho reservoir containing the gas under 
experiment ; saturated as it is wit h vapour, and 
supplied with electric nuclei. 'I'lie mist, at once 
formed, and tho drops began to fall slowly, as 
usual. Mr. Wilson tried to get an ('stimate of 
their size from the colours, but it was dillieult and 
unsatisfactory. If the size had been known, their 
number would have boon known too, heeauao the 
measured amount of expansion had produced a 
known fall of temperature below the dew point, 
and so had condensed a known amount of aqueous 
vapour, which would bo distributed etiually among 
all the equal globuh's. 

It occurred to J. J. Thomson that a better estimate 
of size could be made by observing fluur rate of 
falling, which is a thing not diflUnilt to obsi'rve since 
they all fall together, being all of the. .same size. In 
any mist formed in a hell-jar it is ea.sy to walch it 
settling down, by watching its fairly ilefinite iqiper 
Tfuna., A, 1H!17, vol. isii, ji. ac.’i. 




Frd. 1'J.— A rc’iJrpHmilH ono oC the venaelR in which tho fog in funuccl 
wUcmc vato of fall ih Ui ho mcaHunul by ]\U\ WilBon’s method; it itj 
arrcngtMl for the ioninatiou i)ro(t\uHHi hy X-rayw. I'ho vcaaol A, oou« 
tainiag Homo water, and oovortul hy an earthed alvunlnium plate, is 
in oommnnitmthm with a vowsol (1 thro\igh the tube 15. In«ido 0 Ih a thin- 
walUul toHt'Uihe l\ whloli Morvoa a« a piHton or boU-jar (hIiowu rather 
too HtvutJny) ami with iU lip always tlipping wider water lilce a gaHomober, 
I> Ih an inillarubher stopper eloBing the end ejf tube (J; the lower part 
of the tube (1 iuight to be shown llHed with water to «vieh a lieiglit that 
tins month of the piston h alwaya below tho surface. A glawu tube oon- 
noofcH the bmlde of th© toubdube V with a afiaoe K. The space K may 
bo put in ooiuiection with an esthaUHted spneo F through fclio tube It, 
The end of tho tube IJ, inside ilie apace K, In ground lint, and Ih closed 
by an imliarubber stojiper I, whieh Ih kept preHsed agaiuHt the tul«o H 
by meariH of a spiral Hprlng. 'rho stopper 1 is lixett to a rod 1C; by 
pulling the rtel down Hinarily tJ»o nresHure inside tho tCHt-tulm fs 
lowered, and tlie pinion T fallM rapidly until it Htrikefl against the 
indiaruhber attjpner I>. The falling t>f the piston cauHes the gaa In 
A to cxpaml ; tlie tubtm U ami H are for the purpose of varying the 
amount of the eximmumn Hefore an expauHlon the piston F im ralHcd 
by admitting air through T, which is then oloMcd. Then, wheu every* 
tiling In ready, K la pulled, ami the cloud foruiB in A. 
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surface, a clear space being left above 
gradually increases in tliickuess as tlic c.K) 
The rate of movement of the top of t.lui c: 
give the rate of falling of the individual gh 
which it is composed. And thi.s brings u 
next section. 

Prof. Slolccn and Falling Spheres. 

Many years ago, in 1849, Kir (}('org<^ (». 
discussed the motion of solids through tin 
among others of a sphere moving throug|i i 
fluid urged by its own weiglit. It is a fam 
that large bodies fall through air or watm 
resisting medium more quickly than small 
the same shape. Thus coarw; sand setll 
through water quicker than tine sand, and t 
powder takes a very long time to .set lie. 
this difference of the rate of falling is ti,' 
practical process of separat ing granular maU* 
sizes, and is called levigation. 

So it is in air: large raindrops fall violent 
raindrops fall gently, and mist globuh's ha 
at all — fall so slowly that their motion is 
to observe, — but the same law governs all, 
as the motion is not too violent, or .ho Ion 
falling body ha.s no edgi'S suelj as will i-au.' 
during the fall. A sphere falling .slowly, e^ 
by viscosity alone without waves or ethlies 
simplest ctise. It .soon renehes what i.s 
terminal velocity— the speed at whieh t in 
resistance exactly halancos its weight, 
speed it is subject to zero resultant. fi*n 
simply obeys the first law of mot ion and i 
a constant speed.t Thi.s coti.Htant. st»eed or 


velocity was calculated by Sir George Stokes for 
the case of a hilling raindrop of radius r as follows : 

!) viscosity of air’ 

where p is the excess density of the sphere over the 
medium it moves in ; provided there is no finite 
slip at the Burhicc. The maximum possible effect 
of surface slip — which will oc-cur to some extent 
when the falling globxdca arc very minute — is to 
make the possible terminal velocity Iialf as great 
again : in other words to convert the numerical 

-> . I 

coefficient ~ into -• 

This simple formula gives the connexion between 
the rate of fall of any small rain or fogdrop and its 
size ; and by observation of this speed, therefore, 
knowing the vise.osity of air, it is possible to calculate 
the dimensions of the falling drops. 

,/. f/. Thommns F/.fpvrlment of Countmg. 

W(‘. have now all the materials ready for under- 
standing (lie. ('-xperinumt (.o he performed,* so as to 
eount the ions which are produe.cd in air under the 
inlluenceof Itruitgen rays, or which have been produced 
from a m'gatlvely electrified surface illuminated with 
ultra-violet light. 'I'lu' apparatus for the former is 
depicted in h’ig. 12. 'Phe ixmising beam of X-rays 
enters the chamber A from abovi', through an earthed 
aluminium li<l whieh keeps it airtiglit. 

’Phe rate, of leak, whiidi must, he ohsorvod in (U'lhn’ 
to cakmlati^ Nen, is determined by connecting the 
water atul the aluminium plate to the. {.ermiuals of 
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an electrometer; a sufficient difference of potential 
being maintained between tbem. 

And now, metrical condensation having lanm pro- 
duced by the expansion appliance, and a mist formed, 
the rate of its fall or gradual Hnl)Hiden(*,e (-.an be 
observed by looking through the vt‘s.s(',l at an illumi- 
nated surface ; whence by Btoktis’s theortun the size 
of each globule is known. The (piantity of water 
which had gone to form globttkis is known from the 
measured amount of expansion, by a process the 
details of which I will not giv(i liere ; and so 
the number of such glohides, and therefore the 
number of their condcnsation-camtres or nueJoi or 
ions, can be determined. 

If c is the observed rate of fall in sfaignant air, 
the linear dimensions of the falling <lropH will be. 


/feu /fe ^ 
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In a given case c was ohservi'd to eentimetres 

per second ; hence the volume, of each drop was in 


that case , 

|irr«=1-f>X 10 -“’ e..e.. ; 

o 


and so, if the aggregate amount, of water in all the 
drops in a given space is ris^konefl from tlm incasurnd 
amoiint of adiabatic cxjjan.si on which l•au.'^cd t in* chill 
and the precipitation, the. drojis can lie ctiimted. 

Professor Thomson, a few inonlh.s Intx-r. ri'peated 
this experiment, the ions Iteing now prodnceil by 
illuminating a negatively elei’trified zinc plate with 
ultra-violet light 'I’hc Hpparat.ns u.scd i.'< siiown in 
fig. 18 . A clean zitm surface /n rurnu, faced hy a 
transparent conduci.or through which the !i;dit could 


the vessel airtight so that it might be exhausted and 
yet allow the ultra-violet light to pass, was employed, 
and connected to the expansion apparatus, fig. 12, 
instead of the vessel A. The current Ncm was 
measured just as in the original experiment. 



Frn. I.'S. .T. .T, Tliomwnj’fi auxillarv appamtui for tht^oounting 
mmt. llibm violrt light through tho quarte plato OD and 

fclirough a layor of liquid, whioh kotqm tho air Maturated, and which 
cosnatltutoH one olcotrodo, to a clean v.\m plate K, which (?onatitutoH tho 
other, and which in kept negatively tdoctrHicd. (hnmoxion through 
tho tulm Ua tuiulo with th« ojtpanHhm appnratuH ahown in fig. 12, thi« 
being lunployod iiwtoad of the vohhoI A in that llguro. Thou when 
tlu^ fjudden luoaHured expaiwitm ia cauataL a fog i« condoniiod round tho 
negative lon« whhdi have aprung into mdug in conniiquinoa of the 
eleotroiiM thrown off by th« ultra violet light? and the rate of aettling 
down of thl« cloud In then moHMureth 

A gri'Ht iiintiy i)rff,!iu(ioUH must. l)e Piken, because 
there will l)c' somr residual cloud found even when 
electrons or intended nneltu are !iot present. Positive 
ions and other st ray <ir undesired nuclei if [)reaent — 
ctin be eliininat.('.d by aid of their dilferent behaviour. 
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moreover care must bo taken to ensure tliat all the 
desired nuclei are utilised, and not only a portion. 

The number of drops found in ae.(‘,rtjun experiment, 
by this means, was about 30,000 to the eul)ie centi- 
metre; the total quantity of water whic.li went to 
form them being about the two- hundred I th f)art of a 
milligramme. The number of di-ops i.s of (-.ourse 
equal to the number of nuclei. Wheresforc the nuclei 
are counted. 


Itf’KUlf. 

The result of the e.\e.<-.uti<tn of this ingenious 
counting process is that tlu\ ah.solut.e charge and the 
absolute mass of an electron are at. huigth directly 
determined. Hithorto wc have determined by many 
and various ways the ratio c/ni and the speed ii. Wo 
have likewise been able to determine Nea and Ne 
and Nmu**, as already explained. Now at. length we 
have determined N ; an<l at on(u>. the tfians in the 
ratio e/m ar(i discntiuiglcd. 

e comes out, as snspetited, in all eases, t he regidar 
ionic charge, of the order of magnitu<h* 10 
electrostatic, or 10"*’ elcetromagnetie. units. Hence, 
while m comes out for {Kmitivo carriers and for all ions 
the appropriate mass of the atoms present, -or ia 
some cases greater tlian this, by rea-son of t he forma- 
tion of mokuiidar aggregnte.s, for the negative 
carriers set free by ultra-violet light, and for the other 
cases where ejm~ lOk the masses latiue otii definiLcly 
of the order 10"''^ grammes; or ahmil -,<„th part of 
the smallest and lightest previmtsly known i|muitity 
of matter, viz., an atom of hydrogen. 

The existence of masses smaller than atoms is 
thus experimentally demonstrated, atul a diseovtiry 


CHAPTER IX. 

FUETIIEB DETAILS CONDERNINO- ELECTRONS AND 

IONS. 

Coriji.miatory Measurements of Charge. 

A cONPriuiATOHY iTiousiiro of tho c.hiU'gc e, cau l)c 
niado by Hmt obM(vvving the rate of fail of a cloud 
condeiiHcd round t.lio ions acting as nuclei — a 
incasuremont which gives the wchght w of each 
drop, — and, them applying to the cloud a vertical 
electric held and adjusting its strength until it is just 
able to (diee.lv tlu^ fall and hang the droits in air like 
Mahomet's <'.otlin. h’or under th(!sc conditions of 
course w~-- Ke, and sitice everything except e has been 
measunul, e is at otufe I<nown. This ingenious pro- 
cess was <le vised by Mr. 11. A. Wilson, and is 
dcseribe.fl by him in t he P/dloso}>lde.al Magazine, for 
April, H)()d. In praeh-iee. tho above would be slightly 
Tuodiliecl and a siuiphs dilhu'ential method employed. 
Tho numerical result at which h(>. arrived was that 
the value of e = x ID"''*. The result also had the 
effect of confirming lint applicability of Stokes’ law, 
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electrons. The same value charactoviHes even the 
molecular aggregates which are often found in 
conducting air or other gas. 

Fig. 14 shows H. A. Wilson’s apparatus hrr sus- 
pending a condensed cloud against gi-avity hy means 
of a known electric field. The magnet M, attracting 
its keeper, opens connexion with an injector pump 
through a valve V, and ther((by, through tin', ae.tion 
of the test tube T, produces a mtuisured amount of 
expansion — ^in C. T. E. Wilson’s mfuuu'r---a.s <‘xhil)ited 
in fig. 12. The expansion could suhsetjiumily be 
measured by the gauge 11. 

A cloud is formed in the, Ix'll-jar B, and t he. ehuitric 
field is applied between the plates nttn<’hetl t(» the 
terminals 0 D, kept electrilietl hy a bat t.ery of a great 
number of colls. The battery, Innvi'ver, was only 
applied after the cloud had formed, otberwisi^ all the 
ions would be removed from t he vessel by ele.e.t rolytic 
action. Edntgen rays were u.Hed to produee tin' ions, 
but the coil exciting the rays wa.s switelnsl otf ami 
stopped, by means of an automatieally wtirkiug switch 
S, the instant before the valve was pulh'd by the 
magnet. 

J. J. Thomson has ree.eutly repeated hi.s (triginal 
experiments, and by combining a dt'termiiiatiou of 
Neu with an independent velocity mensuremeut, ho 
has made- what is now regarded asn .‘^lundarii est imate 
of e, namely, S*4x 10 electrostatic, units. 

H. A. Wilson’s ('x)ntirmatiou of thi.s by a totally 
different method — the Mahomet’.s eolliu luefhod by 
which he finds 3'1 x hu.s already Iteen meutioiied. 

The importance of obtaining ae.tuuney in these 
measurements is that thereby lies our' ehanee of 
determining m with ucc.urney -tlie tmiss t'ither eff 





Wpothetical, because it was an assumption that each 
droplet contained only^ one ion* bl(-vcitlndcsB, that 
appears to be the truth, sinc.e. tlie charge found on 
each was 3 x 10~^“ electrostatic units. 

A further method applied by Professor .f. .f. Thom- 
son, and described in the PhiloKophicul Mf ujazme for 
March, 1903, was used in a determination (d' the 
TnflTtmnm current passing between electrodes in 
ionised air. 

It may possibly bo of as.si.stanee to some if we 
quote here an explanatory remark tlrafted l)y Mr. 
G. Owen : 

Them ISO n’s Dedtu -t ions. 

“What Professor d'hom.son HU(‘,(:eeded in <loing was 
to measure the charge on tlie negativi* ion iirodueed 
in air by the iniluenee <if liiintgeii rays. 'I’he. (jues- 
tion might naturally be asked : W'lint. groumis had 
Professor Thomson for drawing a general c.otielnsion 
concerning the mass of an (electron from a ilt‘t.t‘r- 
mination of the charge on an ion produee»I in air by 
one particular agemey? 

“The answer is a.s ff>l!mvH ; 'Plie negative ions 
produced in a gas were known fo have thi* samt5 
properties irrespective of the soneee ttf' (heir pro- 
duction. For instance, the negative ions prttdueed 
by X-rays, radium rays, and ultra- vt«»let light, travel 
with the same velcteity umler a given »'h>etrte Ibree. ; 
and further, behave ulentieally with re'pird to their 
power of acting as nuedei of eonden.sntitin for .super- 
saturated water-vapour. It w'as therefore jiiHtifiable 
to assume, in the tirst pluee, that the eharge oii an 
ion produced by X-rays was etpml Pi the charge on 
an ion produced by the impact <tf ultra \ iolet light 
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verified later on by direct experiment.) Again, the 

ratio — had been determined for the cathode ray 

particles, and for the carriers of negative electricity 
from incandescent filaments and from metal plates 
illuminated by vUra-utolet light at low pressures, 
and it will bo remenib(ired that in all these cases the 

same value of — was obtained, thereby justifying 

the surmise that the e.harge on an electron was the 
same as that on an ion produc.ed by ultra-violet 
light, and thcr(ifor<'. (Ju*. same as on a negative ion 
produced by X-rays.” 

Estimate of Size. 

On the hypolht'sia that the Hying or vibrating 
fragnu'ut i.s a uiaU'.rial corpuae.le charged with 
clectihdty, so that it has a <luph^\ constitution and 
a compound kind of inertia, part material and part 
eleel.rical, n<» further pr«igr«‘,s8 can Ix'. made. But on 
the. hypothe.sls that, the liyiug or vibrating particle is 
an clee.tron — a charge, of eleet.ricity and nothing 
else— a <*.unstilmmt t)f an at;oiu but with no material 
nucleus — so that tin* whole, of atomic properties 
might po.s,siI»ly turn out to be due to an aggregate 
of {ileetrons of opposiU*. sign, of which one or two 
are comparatively free and dcbichahle— -on this 
hypotlu'.sis n determination <»r the. mas.s of a 
corpu.He.h». e,arrie.s with it, as a cemsequene-o, a de- 
terminathm of its size also. 

Be.e,au.se, a.H has already heen jM)inted out, any 
re(|uir(*d amount of .Helf-imiuction cnti be conft*rred on 
a wirt! by making it tim* enough, and any required 
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charge by making it concentrated enongli. The 
energy at a given speed of motion will be proportional 
both to the quantity and the potential, and the. latter 
can be made as great as we please by making the size 
of the body possessing the charge, (‘.xtremtdy .small. 

It is the intense region of fi»rco (dose f,o the wire or 
close to the charged particle which is tlu'. (drective 
region ; and so, as stated, a knowle.dge of t he mas.s or 
kinetic energy at a given speed snflie.e.s, on a purely 
electric theory of matter, to determim'. t he size of the 
electron constituents of which it is liypof.hetieally 
composed. For whether tlu're lx*, any intrinsitially 
material inertia or not, tlu'rt' (;ertaiuly is an (d((ctric,al 
inertia. The cause of it in the eh‘c.tric.al case is 
known : it is duo to the reae.tion of t he electric and 
magnetic fields during acjeeleration periods, and is 
denominated sclf-ind notion. 

Quite possibly there is no <»tber kind. Quite 
possibly that which wo oh, serve; as the inertia of 
ordinary matter is simply the eUndrit- inert.ia, or .self, 
induction, of an immense, number of ionic, ehaiges, or 
electric atoms, or chictrons. 

This is by far the most interesting hypothesis, 
because it enables us to progre.s.s, and i.s' dedinitts. 
The admixture of properties— partly e.-splaimsl, viz. 
the electrical, partly uine.x plained, viz. the material ~ 
lands us nowhere; unh‘.sH, by .some only partially 
imagined means, we wert; ai)h; to e.stimaie how mutdi 
of the total app(;rtainH to ea(di ingredimit. 

The mass of a corpusch* has been mea.snred as 
something akin to of an atom (»f bvdrogeji, and 
its charge as 10' eh^ctroatatie. unit,' Nmw this 
amount of electricity will have that ftmotmf, (tf inert ia 
if it exists on a s|)he,re ot radius lo ** eentimetre 



the size of the supposed pure electron to be of the 
order 10‘“ centimetre in diameter; or of 

the linear dimension known as molecular magnitude, 
viz. 10"® centimetre. 

The calculation of order of magnitude is quite 
simple, for all ordinary speeds ; because, for them 

m = 

. a = ™ . Me ■= 10'^ X 10”^® = 10"'® centimetre, 
m 

though it might with some data be estimated as small 
as 10"'^* Minuteness like that easily explains the 
penetrating power of cathode rays. Especially if the 
atoms of matter are thcimsclves composed of such 
minute particles. For the interspaces will be 
enormous compared with the fdlcd-up space, and a 
point can penetrate far into such an assemblage 
without striking anything. 

Penetrability of Matter by Electrons. 

The TUean free path of a particle is a question of 
probiibility. In a sj)ace cont.aining nj obstacles to the 
unit volume, a spac.e A;a will contain w = A:mj of 
them ; and the chances of a collision, while one of 
them travels a length x, will be approximately their 
combined ai’cas, as targets, c.ompartMl with the total 
area available for both hit or miss— that is to say, 

1*1 ,0 ^ 

: winch we may write px or 

A :r 

where x is the “mean fr(*e path," or average distenco 
travelled by any one particle without a collision with 
another, and ft the number of eniujunters while 

*8oo Ij(k1ku ill till* Klm-trimmi for March 12, 1807, vol. 58, page 644, 
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travelling unit distance. But in saying this 
ignoring the forces between the particles, as 
their motion, and are not considering a swiii 
as a collision. 

Nevertheless, as regards order of magnitudt 
A.X ^ I 

where cZ® is the cubic space allotlHul to o?ich 
while l-Tra® is the actual bulk of each. 
Therefore approximately 

X total apace wen pi<‘d 

a a few times the aggregate volume, of llu*. pj 

a statement roughly anahjgotia to Clam 
Loschmidt’s theorem in tht*. kinetic t heory of 
Hence the mean free path <‘.an he «jHtimi 
considering how much apaev. the .subsUnee ol 
electrons in an atom oecupiea, as compared 
the space which the atom occ.upieH itself. 1 
words, we have to consider what tlu^ size, 10 ' 
electron’s diameter means, as compared with 
10~® for an atom's diametw’. In the .sttlar sys 
diameter of the earth is part of the < 

of its orbit round the sun. (lonst'ipiently if t! 
represented an electron, an atom would (m 
sphere witli the sun as e.entre and ftnur tii 
distance of the earth as radius. 

In other words, if an average atom is mtm: 
electrons, they are about ns far apart in t hat 
proportion to their .size a,s tla^ planets in t! 
system are in proportion to their size. 

In an atom of hydrogen there would havi 
roughly 1,000, or say more exact I v 700, elec 
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In an atom of sodium, which, is twenty-three times 
as heavy, there must be about 15,000 electrons. 

And in an atom of mercury there must be over 
100,000 electrons, if atomic mass be wholly due to them. 

Consider then an atom of mercury containing 
100,000 of these bodies packed in a sphere 10““ 
centimetre in diameter. One would think at first 
they must be crowded ; but there is plenty of room. 
Bach electron is oidy_ 10“^* centimetre across, and 
there are only about fifty of them in a row along any 
diameter of the atom, whereas there might oe a 
hundred tlu)uaand in the same length ; hence the 
empty apace inside the atom is enormously greater 
than the filh'-d spaccis. At least a thousand times 
greater in linear dimension, or a thousand million 
times greater in bulk. 

The whole volume of the atom is 10'“* c.c. ; the 
aggregate volume of all the electrons composing the 
atom is 1 0*' X 1 ()“*“ = U)"“* c.c. ; consequently the space 
left empty is K)'® or ten thousand million times the 
filled space. 

Even inside an atom of mercury, therefore, the 
amount of crowding is fairly analogous to that of the 
planets in the solar syste.m. For though the outer 
planets arc spaced furtluu- apart; than the inner ones, 
they arc also bigger, to practically a compensating 
extent. 

Now, going baclc fi) what is sometimes called 
Loschmidt's tluHirem in the kinetic*, theory of gases, 
obtfuned roughly above — 

mean free path 
^TTiameter of particle 

volume of sjjace. available to particle^ 
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X’jX-iJut V X n x > r> 


^re have reckoned tlni latter fraefciou, in tli' 

of an atom of mercury, hh- 

•t-x{irr io-"._,o«> 

IMTOOO X tT( 1 0 “ 1 ()■' X 1 0 ' 

Hence the mean free |)al.li (if an electron 
an atom of mercury will be. (loinpnrahle to K 
the size of an elce.lron, it will he K)- 
metre; that is, it may /'et tlirouoli, on lln^ a 
the substance of hohu' 1(),()0() m(‘re.ury ator 
row, before collision with anyiliin-j;. 

In any other less dense, sultstanee it ' 
further. In ordiiuirv air. on an averao(* fViH^ j- 
it would escape, eollisimi with a hundnal 
molecules in a r<»oin, which would he tsiuiva 
a istanoe of nhont four iiudu-.s. In the. > 
corpuscles plungin.it into a tlen.se metal, the 
distmice achieved hy them is very .smull, oi 
thousandth j)art of a millimetre on the nvera 
it need by no means iiei’e.s.sarily he a .st raig! 
so a target of plnliiium .suetteeds in stttppin; 
very near its surface, ami eiuihh's the 
generated hy the shoek I'iiirly to tunerge. 
corpuscles will he .stnppcil more .stnlilenly tin 
and some will travel further, hut to * eeut 
or the thomsandth of a milliim'tre, .shoidd h 
parable with the average ilistanee travellei 
solid as dense as phititium. 

tilfevta Ilf (tn Kneonnttr, 

This distfinee, however, give.s tn* mttion 
value of the negnlive aeeidi'ration tliiring ti ei 
because the greater [lurl td that thou.smulf 
millimetre is free tlighf ; the sttipiHige o»'eui 
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of collision. Tlic_ colliding masses are 100,000 to 1, 
so the chang('. of velocity at impact could be esti- 
mated; but the impact will really be more of an 
astronomical or (iomchiry character, and the effect 
is analogous to the entrapping of comets when they 
pass near a platu'-t, thereby' rendering them per- 
manent mennbers of the solar system. 

The ordinary behaviour of a foreign comet, which 
comes and go<i.s, may be called a collision with, and 
rebound from, the suti ; for although there is no real en- 
counter of ma in substanea'., that is wliat it would appear 
like if it could Ix'. scim from tin', depths of space ; and 
the two branc.hos of the (■.oimd/s hyperbolic orbit would 
look like stra.ight lines of a2)proach and recession. 

Comets whicih hapj)en to {)ass very near a planet, 
however, are. (hdhicte.d, swirled round, and often 
virtually ciuight by that planet, receding only with 
an insigrulicatit differential veloe.ity which is unable 
to carry them away from the at.trae.lion of the sun : 
towards wlue.h they tluni <lrop. If they do not 
actually dro]) into it. they will continue to revolve 
round it in an tffliptie. orbit, becoming a member of 
the solar system, a.nd liabh; ultimately to be degraded 
into a swa,rm of meteors. 

This is the sort of process known to occur in 
istronomy ; and e ire. urns lances not unlike, that may 
ittond the (mcounter, or apparent collision, of a 
uriously -Hying comet,- likt; electron with part of 
ho miUHsive .syste.in of an atom. 

The. stoppage, therefore', will oe.e.ur well within the 
imits of atomie. magidtmle, lU*” centimetre; and so 

he acceleration will lie of tiie order .-=10®® e,.ir.8., 

'lb ^ ^ 

nd the for<‘.e nt'eded thus to sttip even a single 
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No wonder that violent radiation -effects are pro- 
duced. The “power” required to stop _ an electron, 
flying with one-thirtieth of the. speed of liglit, inside 
a molecular thickness, can bo estimated thus— 

1 * « 
energy -r time = - oh 

= 10-=‘'(10'')-''10'’= 10« m-gs per second; 

or thus — 

Fm = 1 0 ■ “ X 1 0" = 1 O’* again, 

z 

whioh is equivalent to ten wnt ts. ('riiougii the time 
it lasts is only the 10"'" part of a styinnj.) 

But only a small frac.tion of thi.s goes into 
radiation. The radiali’iig power cmi he e.stiniatod 
thus, from Larmor’s oxprcs.siou for it, h.s tleduccd in 
Appendix G, 

2 i A » 40 

— {'wF = -j 7 ,m X 10“ - 100 erg.H per .second. 

The rest therefore, it would appear, inu.st take the 
form of heat. 

It is worth considering whal circinnsfnuce.s would 

g ive radiation an advantage over hi*al, and vitr vend. 

ecause sonHstimes conspicmtusly the target gets 
heated, and soinc.tinies X-rays are emitt^'d. Ijgfc % 
be the speed and I the distaiu-e of stitppage, then 



The “ power ” of the blow is 




//eV 

daV 


whereas the radiation power is — 
2/xe’* /•a'-'Y __ _ 


, - radiatui^ power 

therefore - ; 

total power 


a It, 2a 
' v~~ vl’ 


where t is tlu; tiuu*. of stoppage, and v is the velocity 
of light. 

Hence effeid.ive radiating power depends chiefly on 
very suddtni sttoppage, and on the speed being 
near that of light, if the vtdoe.ity is a tenth that 
of light, and if an ele-e.tron can be stopped in some- 
thing like its own diameter, about 10 per cent, of 
the energy will go in railiation, and tlie rest will 
take other forms, presumably heat. But it would 
take immense “power” to e.lfi'et such a stoppage as 
that : not less t han two or three thousand kilowatts 
for each e.liH;tr<»n. So probably a stoppage within 
atomic dimension is all that can be expected, and 
that could be nmnag(al by something likis 50 watts. 
But then an exe.ts'dingly small fraction of the whole — 
only al)out one millionth“-would in that «!ase bike 
the form of X rays; their wave-shell then having a 
thickness eom|)nrable with mohaudar magnitude; 
whereas ii» tin; previojjs e.ase it was incomparably 
thinner, and t.herefore far more ptmetrating. Both 
thicknesses howevtw are very small eum[>ared with 
the wave-lengths of (u-d inary light. 
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the fact that at moderate vacua tlm Ui\ 

red-hot. . 

The ratio of the radiat loii power to the tot 
is as the dimeuaioiis of an ideetnui to tlie 
light would travel during the petmal of tiie. 
taking the accoleration as uuirorm. So U 
the energy radiated it i.s iiece.s.'jary to .stop 
moving with a tenth tlu‘ .speed of light in .s 
like a tenth of its own diumetAir. 


CHAPTER X 


THE EIJ5CTR()N THEORY OF OONDUC 
AND OF RADIATION. 

MkaNWIIU/K t.lK': probability of the cxisten 
tron.H and the, [Hmiliility of regarding th 
baHia of all (deetrio and of mo.sb otho: 
phenomena, liad .neized hold of the ima^ 
several mathe.matie.al physie.lHts, notably o] 
H. A. Loreidz and of Dr. .1. Larinor. T 
who was fir.st in the held (1892 and 1 
driven in thi.s dirtnition by the probk 
astronoinh'ul aberration of light and the 
moving media treat, ed from the eleetrie ! 
The lat ter naiehed the Hanni goal independ 
tlm dynuinie,s of tin* free* ether, on thi 
MaeChdlagh and Kelvin, which require 
mobile .sourees of diaturbanee (<'leetrons) as 
developnnmt. Uitth these* {>hiltwopher8 oi 
to trace all eleetrie jn-operties to the be 
oleetrons, n.Mnally of (-.(jurse in aasoeu 
maU*rial atoms; while Larmor’a proe.edm 
pelled him to make intelligible hyeoneeptu 

It t.. • .1 .,1* „ A, 4,. ....... 
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great part of Physics to its simplest terms. This 
fine attempt, made in 1894, involved definite illus- 
trative conceptions— -of the structiire of an electron, 
of its size on the theory that inertia is entirely 
electric, of the velocities with which electrons revolve 
in the molecule, and generally of an electronic 
theory of matter ; but in absence of knowledge the 
mass of an electron was then naturally assumed 
comparable with that of a hydrogem atom. A great 
amount of suggestive material is to bo found in 
Dr. Larmor’s contributions to the TransactionH of the 
Eoyal Society for 1894, 5, 7 ; some of tlnun wore 
summarised in the book <ialled Kfhn- and Matter 
published by the Cambridge Univer.sity fh-cas in 
1900. 

SujSfice it here to say that the electron constitutea 
the basis of the whole treaf.nient, and that, there is 
supposed to be no true cilectric, currtnit e.xfa'.pt, ehuitrous 
in motion. They may move with the atonus, as in 
the electrolysis of liquids ; they may lly alone, as in 
rarefied gases; or they may he hamhsl cm from one 
fixed atom to the next, as in the proceH.s (»f conduction 
in solids. 


Condnetion. 

The possible modes of conduc.tion or transmission 
of electricity are in fact three, which 1 may C4vll 
respectively the bird-seed method, the Indict method, 
and the fire-bucket method. 

The bird-seed method is adopted in liqnhls and 
usually in gases of ordinary density ; it is exempli- 
fied in electrolysis: the bird tairries tla^ seeil with 
it, and only drops it when it reaches an electrode.. 

The bullet method is the methml in rarefied gases, 


rays: the space near the cathode represents the length 
between the breech and the muzzle of the gun, and 
the rest of the path is analogous to the trajectory 
of a bullet. When the projectile strikes an atom the 
shock may cause it to pass another on, and so 
continue the convection. 

The fire-bucket method must be the method of 
conduction in solids, where the atom.s arc not sus- 
ceptible of locomotion and can only pass electrons 
on from hand to hand ; o.sc.illating a little in one 
direction to r(^ceive them, and in another direction 
to deliver them up, and so getting thrown gradually 
into the .state of vibration which wo call heat. 
But it may be observed that (his need for motion, 
in order to pas.s electron.s on, beeomes le.ss and loss 
according as tbe body is h'.ss .nid ject to the irregular 
molecular disturbanci*. we call heat. It may be the 
expansion and mohnudar .separation, or it may be 
the irregular jostling and tlistiirhunee, that impede 
easy eowluetion ; but. eertaiidy conduction improves 
as tcmperat.un' falls, and tran.smi.s.si(>n beconuss quite 
easy at very low temperutureH. 'The conduction of 
heterogeneous alloys i.s a les-s simple matter, being 
probably mixc'd up with back k.m.k. developed at 
innumeraltle. junctions, otherwi.se it. would be in- 
structive to e.'snmine the ellec^t of h»w temperature 
on the conductivity of a mtdal which did not 
contract with cohl. 

The e.xtm coniluelivily nf hot electrolytes is a 
totally ditl'erent phcnomeimn : it is nut true conduc- 
tion, hut <'.<»nvi*(!tive hH-omt>tuuj «»f ions, iji their 
case. The .siunu (dfect. tenijM>ratur«' which Ic8.sen8 
their vlstsosity iuereases their conduct ivity. 

Insulators are bodies when* eunduetion can only l>e 
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wMcIl the transfer of an electron from one atom to 
another is easj, demanding no fonjc as long as the 
process is not hurried — a process (>f tlu; nature of a 
diffusion. The transmission of vibrations along a 
chain of connected molecules may well occur through 
a not dissimilar kind of connection ; and hence the 
conduction of electricity and the comluc.t.ion of heat, 
though really ditferent processes, may have many 
points in common. 

A fair approximation to the phenomena of (‘on- 
duction in metals has been worked oid; in detail by 
Eiecke, Drude, Thomson, Jjorente, and many others ; 
in which the electrons are supposed to remain free 
for periods so long that tlunr mean energy of motion 
is a function of the temperature, as in gas-theory. 

Most is known about electrolytic and ga.seouH 
conduction. In gaseous c.ondueti()n the negative 
electrons, when free, fly fast; wlnu-eus the ion.s 
generally, and all the positive charg(!s, t.rnvcd more 
slowly % reason of their a.s.sociation with matter. 

In liquid conduction charges of either sign are 
always associated witli atoms, and travel only as 
ions, at a .slow diffusion rat<‘. which was calculated 
by Kohlrausch, lias been observeal directly by mystdf,* 
Mr. Whetham and others, and is well kmnvn. 

The rate of transmission in solids can only be 
inferred, and it would appear from the Hall cdlcct (see 
Larmor, Phil. Trans., Aug. 1H!)4, p. Hlh), as if in 
one class of solids the po.sitiv(5 were able to traved 
fastest, whereas in another cla.ss negative travelled 
fastest: a difference which is familiar in liipiids. In 
acids, for instance, tluj positive cluirgc.s travel much 
the quickest, because they are assotnated with light 

^Lodffe, Bfituh AmomUmi irtari 


and preaunml)ly small hydrogen atoms ; and it is 
owing to l;hc (‘.oinparativcly ('.asy migration of the 
light or small hydrc)geu atom that acids are in 
general such good c.oml actors. 

The Hall magnetic head, like Faraday’s magnetic 
rotation, is a (lilh'.rential ellec.t, and would he zero 
if positive a,nd negative were equally acted upon. In 
gases it is dilhuamtial too, l)ut there the negative 
charges are. liable t,o Ix', so Irt'e as e,ompared with 
the positive, and to he .so conspie.uous, that the Hall 
eft'ect in gas(‘-s, (‘speeially in rarelied giuscs, is very 
great in comparison with l.he small residual effects 
found in liquids and .solid.s. Coiusequently the 
effee-t of a magnet in eairving the {)ath of e.athodo 
rays in a Crookes tube is readily demonstrated. 

Rndiation. 

Bnt it is not. otdy the progre.s.sive motion or loco- 
motion of t he eh'etrie atoinie. appendages that wo 
have to eonsider ; we mu.st assume also that they 
are su.se.eptihhi of motion in the atom itself, either 
vibrating like? tin' bead of a kaleidophone, or re- 
volving in a minute orbit like an atoinie .satellite. 
Indeed it is to the eoiieerted vibrations or revolu- 
tions of the .sy.slem of tdeef roii.s, in, or on, or round, 
an atom, that its radiating power is due. Matter 
alone has no pt-reeptihle eoimeetion with the other, 
a fact which is proved in my paper in the. Philo- 
sophit'td TntHHitctliiiis fur and IH!)7 it is 

electric, elmrge which givi^s it. any connee.tion, and 
oven l.hcn it tms ni» risroiis eoimeetion— there is no 
connection that «iepenil,s upon (kII powers of velocity, 
80 as to be ttf the nature t>f friction ,t- -it is purely 

i%ii. viiL IH'I. tiii> iiiitl vnl. IBIi* Wi. 140-166. 
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accelerative connection ; it is only when th<5 charge 
vibrates, and during its accelerative periods, that it is 
able to influence the ether at a distance by emission of 
waves * These waves consist probably of altcirnations 
of shear, with no motion of the ctluvr as a whole, 
but only a to-and-fro quiver of its e.(jual opposite 
constituents over some exccsaivt'.ly small amplitude : 
a kind of motion which constitutes what we know as 
radiation. It is not the atom pulsating as a whole 
which disturbs the ether, but tlu^ pulsations or 
vibrations, or the startings and st.oppinga and 
revolutions, of its elecjtrie cliarge. Aviwivmtion of 
electric charge is the only known mode of originat- 
ing ether disturbance. But nornud or ce.ntripctiil 
acceleration, involving nothing more than c.hange of 
direction, is just as cfleetiv(5 as netunl change of 
speed. If an electric charge is able fo (hvseribe a 
small orbit four-hundred-hillion tinu's a .second, it 
will emit the lowest kind of visible red light. 
This number of revolution.s i.s tajual to the number 
of seconds in about fourtemi million years, or in 
the time since some early geologic pe.rkvd. If 
it revolves faster it will emit, light «>f higher re- 
frangibility ; and the particular kisul of radiation 
emitted by the atom of any .suhstatuH*, wlum in a 
fairly free state, will <lepond on llu* orbit ul period 
of ite electrons, if they couhl ttonsidereii as inde- 
pendent. But if that were s«>, evi*ry atom w<»uld soon 
radiate itself to destruction. 'I'h*! tamdition that an 
atom must fulfil in order to hiivu^ a elumee of survival 
by retaining ite (snergy, was given by Larmor [Phil. 
Mag., Dec. 1897) in the form that the vinUor .sum of 
the accelerations of all its i*kctron.H, wit h due regard 
to their signs, should b« imrmanenth' mill. This 
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further condition is quite consistent with those 
imposed by dynamics. 

Every frc(|ucncy of rotation will correspond to a 
definite line in the spectrum. But if this be its real 
cause, radiation must be susceptible to magnetic 
infiucnco, for a revolving electric charge consti- 
tutes a circular current; and if a magnetic field be 
started into existence with its lines threading that 
circuit, it must, whih'. it is changing in intensity, cause 
the speed eitlujr to increase or to decrease, and so 
will either raise or lower the refrangibility. If 
electrons are revolving in every direction, and if a 
magueti(! fie.ld is applied to them, then during the rise 
of the fiokl tins pace, of some will be increased and of 
some decreased ; and this increase or decrease will not 
stop until the mngmitic field is destroyed again. 

Hence it wouhl appear that if a soxirce of radiation 
is put into a magnetic field, and its lines examined 
with a 8i)ec.troscup(i, they sliould l)o affected, either 
by way of shift or liroadening, or in .some other way. 
It happened, howt'ver, that when Dr. Larmor theo- 
retically [)tu’<'.e.ived this, ami estimated the order of 
magnitude of t he elfi-ct to be expected, he made the 
assumption natural in 1895 that an electron was 
comparable in mass with a hydrogen atom. On this 
assumption, knowing what he <li(l about the massive- 
ness of an at(»ni, he <!al(‘ulated that the effect would 
be tcK) small to see, ; indeed, l-i'araday had, with 
imporfee.t a[>pliane(‘H many y«'ars ago, looked for some 
sudi effect - t»ut then guided by thettry, but simply 
with the ol)j(H’t of trying all manner of experiments-— 
and had failed to see anything ; Prof. Tait also had 
been moved by theory in the same direction, but no 
fresh experinnmtal attempt to examine the (piestion 



liZ 






to until, as hinted above, Zeeman of Amsterdam, in 
1897, with a good grating and a strong electromagnet, 
skilfully observed a minut(^ ciftH-.t, (sonsisting in a 
broadening of the lines emitted by a sodium llame 
placed between its poles. On siuniig a two-line 
notice of this in Nature in Decicmbcr, 189(5, Dt. 
Larmor wrote to me, saying thal. this must be the 
effect which he had thought of, but eonc,lu<l(Hl must 
be too small to see. On receiving tluH intimation 
I immediately, with a little trouble,, r(‘peated and 
verified the experiment,* and e.xliil)i!.i‘d it at the 
Royal Society soirde in May that .Hanu^ year. 

From this simple but important; beginning the 
large subject of the infiuoneti of a niagmdae. field on 
the radiation from different Hub.stane.e.M has Inien 
laboriously worked at ; not only by the original 
discoverer, but by rre,Hton in Dublin, Mitdud.son in 
America, Runge, and otliens; and a whoU' .series of 
important facts have been mad(! out. Fvery line, has 
been studied separately ; sonn^ lines are tripletl, Homo 
quadrupled, some scxtupled.and so on n.s said above. 
One mercury line is re.Holved inU» nine or ptu-haps eleveti 
components. The effect is therefore, not too .small to 
see, though it nood.s o.xcseHHivcdy high power and per- 
fect appliances to display it; and .so it beenme evident 

*See ProG. Ikw, voL m 1^13, iititl v'i4 ill ^ |>. 413, t»r Naium^ 
voL 56, p. 237 ; also iiivf^ral lij in 7%^ fur 1 H|I7, 

vol.38. Th© whole matter in oloiuciiitvil li^v Kumuwi, iiiiliHl hy 
on th© basis of thiorj illwKttmtiiii lij’ a |iioiiir*^ **r uf iiii orhitiillj 

revolving electron, which, though oniti«, wiw m a giitilu : th© 

small mass of the revolving purticlis Utiing ihuruliv iim! botng 

in general conformity with J, .l/riiumiion*#! dirort tii4orioimiiiott» m 
the^mass of an electron ««mo nionthi With higlnu' ex- 

perimental power greater i»re«nsio« wiiii rtvtrluffr, iir«| im titiex|mcted 
development appeaml in tiie of imrh line, » il'tiiili whieh wm 

suggested by the miKiol^ hut tfuiilil twit liiivii front it 

alon©- Other limia wawi fritjuil if* ilitnrhi 
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that if radiation wore due to moving electrons, their 
motion could not be handicapped by having very 
much matter associated and moving with them. It 
became possible, indeed, by making a measurement 
of the amount of doubling undergone by the lines in 
a given field, to ascertain how much matter was 
associated with the revolving electric charge in any 
given case ; in other words, to make a determination 
of the elcctrochcmi(tal (apii valent clFoctivc in radi- 
ation — i.e., of th(', rat.io mje. Indeed, Professor 
Zeeman, with cousideral)le skill, had made a rough 
determination of t,liis kind at a very early stage, when 
he only saw th<‘. (dre(‘,t as a slight broadening of the 
sodium lines; and had (‘.ome to the conclusion that the 
electrochemical c(|uival<!nt was quite different from 
that appropriatti t.o (dc.c.trolysis, being some thousand 
times smaller, lie. tbund, in fact, that the ratio c/m 
had in this case also the, notable value already 
suspected in e.onnection with e-athode, rays, viz., the 
value 10’' <‘..g.s. 

More recent, im'asurt'mcnts have confirmed this 
e.stimate, and shown that the ratio of charge to 
matt.<‘.r in the Zetunan ease is practically identical 
with tht>, ratio of charge to niat.ter in tlui cathode ray 
case; in othtu' words, that whatever is Hying in the 
cathoth*. rays is vibrating in a soure.<- of radiation; and 
that if tins cathode rays c<»nsist of moving electrons, 
radiation is dm^ to vibrating or rtwolving electrons. 
The more the details of the Zeeman ('fleet are 
studied, the chiarer it hec'onu's that the electron 
theory attrihut.('d t.o it. from tin* tirst. hy Zeeman and 
II. A. Lorentz, as well as by l''itz(}e.rnld and Larmor 
in England, is .sntisfnt;tory, tlntugh not ns yet 
fully and completely worked out. 



of the fact and of its elcmoritary theory, is that given 
by the present wriUn* in two articles in the 
Electrician for February ami Mandi, 1 H97,* which 
are worth referring to as n'.pre,s(‘.ntiug incipiimt ideas 
on the subject before the full aignilicaiuu*. was grasped. 
The high value of the cjm ratio, viz., | x KF ag.s., 
or fifty million coulombs per gramme, instead of the 
moderate electrolytic value, is spoktm of on page 648 
as a difficulty; and a Fitzderidd suggest ion amounting 
virtually to the beginnings of an electron theory of the 
Zeeman effect is hinted at. Likewise, an extremely 
short way of expre.Msing tln^ theory of tlu? motion is 
given by the writer, in the followitig foi-m : 

Consider the resolved jiart ol' any orbital motion 
projected on to a plane, normal to the applied magnetic 
field PI ; and let the angular velocity be. «, at any 
point of an orbit, where, the radius of curvature is 
r; then the field will exert a raflial (U)mponcnt — 

± /w'Hrw, 

which will represent an iuc,rement or decrement of 
centripetal force j . 

whence it follows, to a first a(>proximation of order of 
magnitude, that — .u 

lim 

and the change of lV«'i|ueney eamscfl by the magnet- 
isation in the tran.svtswe mmponents of the radiation 
will therefore he — . t 

4mu’ 

The other or longit.udinal etunjMmcnt of the tiriginal 
orbit will manifestly he unchanged, 'rids is far from 
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being a complete and Hatisfactoij theory, unless the 
projected motion happen to be circular ; but it was a 
brief and early attempt. 

An instructive and interesting method of demon- 
strating the Zeeman eir(‘.e.t was ([e.viscul by W. Kimig 
and described in the .ltdtilee volume of Wiedemann’s 
Annalen, 1897, of whic.h a brief abstract is given in 
Nature, vol. .57, p. 402. An emission flame con- 
taining the salt under e.vamination is placed in a 
strong magnetic fiehl, and viewed through an absorp- 
tion flame, conbdning tlie same salt, by jucans of a 
doubly-refrac.ting prism, or otluu- double ima^e instru- 
ment, so as to g<'t. two imag(‘s of tlu^ emission-fianrc 
side by side. On <‘..xeil.ing the magiu't, tlie emission 
frequency, of vibrations perp<mdieular U> tlie linos of 
force, is put out of fame with the absorption fretpiency, 
and accordingly tlm amount of nlworption is much 
diminished. Tlu^ rc'sulf. is f.liat one of the images 
brightens up every time the, magnet is e.xcited ; the 
other image', which eorrespends to vibrat.ion.s along 
the lines of fore.e, remaining unchanged and constitut- 
ing a conveiiienl .standard of brightne.ss. 
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FURTHER DISCUSSION OK THl'l KhKO'I'RON THEORY 
OF THE MAONETISA'I’ION OK I.HJH'r AND BE- 
TERMINATION OK 'I’HE ■«/<' RATIO IN RADIATION. 

Amono tliG early contrilintidn.H that laive htu-.n made 
to the theory of iiu)vinjj; chnr^o'.s, few are more 
remarkable than tlio.se of Dr. .I(thii,st,<)ni' Htotiey in 
connection with tla^ proee.ss of radial ion, long hufure 
there had l)C(‘.n any experimental veritieation of the 
separate existence of these «*leetron.s, or of the fact 
that the cmi.ssion of light from a snltsfanee i.s duo 
to their motion. Dr. Stoney had trisDisl them in 
an astronomical manner, in IH'.M, diading with an 
electron moving round an attun a.s if it, were a 
satellite moving roniul a plamd, ami hud discuased 
the various perturhatioms to which they might bo 
subject, and the elfeet of tho.se perlurliution.s on the 
spectrum of the light emit ted.* 

One of the simple.st kinds of pi-rturhation, fully 
analysed by Nowtnn for the motion of the moon, 
is what is e.alled a pr(jgres.Hion <ir reee.s.simi of tho 
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originate! a doublet in tlu> spectrum; for of the two com- 
ponent circular vibrations into winch the motion can be 
analysed, one. has bceen made more rapid and therefore 
its light raised in refrangibility, the other has been 
made slowevr and tbendbre! lowered in refrangibility. 

Another c.losely alli(‘d kind of perturbation, 
analogous to pre.c,<‘.ssion of the e,(iuino.'ie.s in the case 
of the earth, would result in a triplet in the spectrum. 
This preeessional motion oce.nrs in an orbit subject to 
any obli(]ue pull or defle.<!ting force. Instead of 
yielding (liri'.ct ly to that pull, ite effect is to make the 
axis d(‘scribe a kind of cone, the kind of motion 
that one se('s in an inclined spinning-top : the pull of 
gravity on a spinning-top dot!s not make, it topple 
over, but mHk(^H it pr(‘c.('s.s. Ho also with a hoop or 
bicycle when n<tt. V(‘rti<‘al : instead of tumbling, it 
turns round and rouiwl in a circuit, as long as its 
motion continues ; only lalling when the motion 
ceases, or falls below a ec'rtain e.rif ieal value. Hence 
if the orbit of an eleciron wen' .Hubje.('.ted to an 
oblhiue or <lelleejing Ibrec. the (!lfe(!t would be, not 
to plat',)', it. dirt'.clly in tlu! de.sire(i po.sition per- 
pciulicular t(i a line <tf loree, but to catise it to 
precess. And tlu.s motion might be analysed into 
three (■otnpont*nts,--the aeet'leraled and retarded 
circular orbits above im'iitioned, whieh would result 
in a doidding of the line, and a third component, 
viz. the. one parallel to the axi.s, whieli would be 
uncliangtHl and would therefore repre.S('nt a spectral 
line in it,s old |)o,sition. the centn' of a group of 
three. All thi.s wn.s clearly pereeivt'il in eonnoction 
with Dr. Zt'eiiiaii’.s diseioerv, with the a.ssisbince. of 
his great eompatriol the eminent phy.sicj.st, FI. A. 
Lorent/. ; whose theory was in .sevt'rai n'spects 
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It must be observed that the light emitted by the 
oscillation-components, above spoken of, will be all 
of one definite kind, due to vibrations in one definite 
direction, and will therefore be polarised. The kind 
of polarisation must depend on the aspect from which 
the light is seen. If seen at right angles to the axis 
of precession, all three lines should be plane polar- 
ised — the middle line at right angles to the other 
two. K, however, it be looked at along the axis of 
precession, then there should be no middle line; 
because the axial vibration would then be end-on, in 
which direction it produces no optical effect ; and the 
two side lines would be circularly polarised. 

Fig. 15 consists of diagrams illustrative of the 
changes caused in a spectrum line by application of a 
powerful magnetic field to the source of radiation. 

I represents a specially simple case. The cad- 
mium line A, seen by rays travelling along the 
lines of force, resolves itself into two lines B and C 
which are circularly polarised in opposite directions. 
This is due to the acceleration of one circular 
component of the rectilinear or elliptical vibration 
and the equal retardation of the other component. 

II represents the same simple line seen by 
light travelling across the lines of force. In that 
case the line becomes triple ; and if A had been 
plane polarised, B and C are polarised in a plane 
at right angles to that of A'. This is due to a 
precessional movement of the plane of the orbital 
motion, the axial vibration continuing unchanged, 
and the two at right angles being one accelerated 
and the other retarded. 

. Ill and III! represent the effect of a magnetic 
field, applied to a sodium source, on the con- 
stituents of the vellnw .sodinm dnnble.-line 
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resolved into a (^uartiit, and into a sextet, when 
the light travels aerosa the magnetic hold. 

Directly Zeeman liiid (l(mionstrated the fact that a 
magnetic field aj)[)li(!d to a source of light was able 
to act as a i)ere,ept,il)le perturbing (jjiusc, Professor 
Lorontz was at oruic, abb', to predict tlu', main part of 
that which has btum luu-e. stjited, — about the tripling 
of the line seen side, ways to the lines of force, and 
the doubling of tiu*. line seen endways, — with all the 
polarisations as just stated; because the lines of 
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magnetic force. conHtit ut.e tlni precessionnl axis. And 
all tliase (dlei’ts w»n‘t* shortly afterwards seen by 
Zeeman and otlmrs, nu<l are eharacteristie of the 
simplest eircular orbit. 

As already stated, t in* full meaning f)f these vtu-y 
exquisite, phenomena is still v(U‘y far from being 
unravelled. Tin' most general tliettreticnl result is 
that of Laniittr {/ 7 h 7 . Mmj., Dec. IS 1 > 7 ) that for any 
atomie. systi'm, however i'om[»li‘.s. if tint elfeetivcly 
moving electnm.s me all negative, while the attraetion 
of the positivt* on them i.n i‘imtrie 4 il, each lini‘ will l»c 
dividetl into three, exaetly ns in the provisional theory 
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At first sight one might be inclined to suppose 
that the orbits would all ^ face round and set 
themselves normal to the lim's of force, like so 
many circular currents; but that is to forget the 
inertia of the travelling electron. It is tnanifest that 
since a revolving electron c.onHtitutes a circular 
current, its tendency will be i;o set itself with its 
plane normal to the lines of forc.e ; l)nt since by 
hypothesis the revolving (dca-.f-ron has inertia, the 
current will not so set itself, htd will yield to 
the deflecting force in an indirect inanmu’, as a top 
does; or as the oblate spinning (>.art,h (lues—ns 
explained by Newton in the I’rinc.ipia, — the axis of 
rotation having a conical motion round the lines 
of force; a motion which is calh-d “(he. prcicession 
of the equinoxes” in the e.as{i of (.he (‘arth, and 
“the Zeeman effect ’’ in the (;ase of a radiating atom. 

This is an account of the. chief part of the Zeeman 
effect, and may be rcgarde.d as t he nK)st, fnndamentiil 
kind of disturbance eansed by a nmgtietie. fitfld on a 
source of radiation. But ( here may he oilnn juinor 
disturbances, just as in the ease of the earth, whose 
axis is not only subjee.t t.o precessi(m, hut. also to 
nutation — a nodding movement superpo.m*d upon the 
main motion. It is also quite {)ossible for the. middle 
line, or for the two outer tines, or indeed for all three 
linos, to be doubled; thus giving rise not to the 
standard triplet, but to a tpuirtet. (u- a tjuintot or 
even a nonet, — appofwanccs stum ami plmt-itgraplusl 
by Zeeman, Preston and others. 'I'he remarkable 
‘echelon’ spectroscope of Miclndson has btam in- 
vented just in time for application to phenomena 
of this kind---its special function being the. close 
examination in dobiil of a niimiti^ [jortion of a 
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Even the two constituents of the double sodium 
line boliHVc diflen'iitly, when the source is magnet- 
ised and tlu'. light thus examined — as illustrated in 
fig. 15 : one, of the. Ho<lium lines, D^, which had 
appeared only broadened to Zeeman at first, really 
bcconu's a se.xtet. I’lu'. otlnu’ sodium or Dj line 
becomes a (jun.rt(‘.t; and a complete study of the 
behaviour, mid(U- niagmitisni, of all the lines and 
groups of lines give.n by diden'.nt substances must 
result in a gr(>at. (‘.xtensioji of our knowledge in many 
directions ; in faivt it is hardly too much to say that 
the discove.ry of Zeeman, in the light of the theory of 
Loronte, has <loubled flic power of spectrum analysis 
to throw' light ujkui the. processes of radiation and the 
properties of afeuns, and has op(>.ned uj) a new branch 
of ])hysics-“ a mov department, ns it were, of atomic 
astronomy, with atoms and electrons instead, of 
planets and satelliUu 



CHAPTER XII. 

INCREASE OP INERTIA DUE TO VERY RAPID MOTION. 

The hypothesis to whic.li we luive heen led is that 
the inertia of an (electron i.s wlmlly of an eh'c.tricml 
character, and is o.vplaiiu'il hy the known magnetic 
effect of an electric charge in inoi.ion, and the. con- 
sequent reaction to any change in that motion. 

Usually inertia is treated as const .nnt and (juite 
independent of H|>(‘e(l ; hut now ari.se.s the ([neHtion 
whether the distribution of charge orj a charged hcHly, 
together with its liruss of fore.<>, will remain tunistant 
and unaltered while the body is rapidly moving; 
because if the distribution of line.H of force is altered, 
then the inertia due to their lateral motion will 
probably be altered t<io. 'I’his can be math* [)lain 
after referring back to Chaj>. ll. 

Thus, for instance, imagim^ that the Hne.s of eb'etrb 
force of a body in mot ion beenme mor** eoneent rated 
towards the axis or lint^ of motion ; the efl'eet would 
be at once to diminish the lateral eompommt of their 
motion, therefore, to diminish the magnetic force which 
that lateral comnonent eatisc.s. and ibas !«> diiiiiiiLHli 


uoniirtl to tlu'. line of movement, tlien n greater 
component of their motion would be of a kind 
suitable to exe.ite, a magnetic field; moreover, both 
the fields would by iihis concentration increase in 
intensity, and tlu>. iiuu'tia would increase. 

Thus, tlu'.n, it may be possible that electric inertia 
may depend in some fashion on speed, a thing 
unknown in or< Unary me-(*.hani(*..s. 1 do not say 
that such (h'peiidene.e must he untrue in ordinary 
meohanie.s; on the. (ioutrary, I feel reasonably san- 
guine thati it. will b(( found true for matter also, 
when moving sutlieie.nlly fast - -say over a thousand 
miles a H(«’.oud,— -though it is unlikely that it can 
have a practical inthumc(‘. in any actual known case 
of rapid movenu'ut. in astronomy. Ihit however this 
may be, there is no dmiht. that, t.he.ory points to an 
increase of <‘leeti'o magnetic iiuu'tia at excessively 
high speeds, arid Mr. Ilcaiviside long ago calculated 
its amount. 

It will he ob.served that when a charge moves, 
it goiieriites cireulnr magnet ie. lines of forec. Now 
tlnjHC magnet ic lines arc^ not. stationary, hut are them- 
selves JJioving at the sann^ rate, as ttie body; hence 
they generate IVchIi elect rost^itie lines, i.e., eau.se au 
clee-trie displacement away from the a.xis, which dis- 
placemetit. is superposed upon the original radial 
aisplaei'inent (away from or toward the centre) due 
to tins (‘barge. 

At (U'dinnry, at even violettl speeds, this second- 
order electric. elVeci is insigtiitieant, lait it is there all 
tlui time, and inn.st not he ignonai when the .spewed 
b((Comes extravagantly high. It rapidly rises into 
prominence when the .Hp(*ed iipproiieheH the vndocity of 
light, hut at anv .speed much smaller than this such a 


124 


liy a. a i av ai. a * * i. 


XII. 


Its effect will be, as tl|o nmu'xcd li_|^nirn siiows, to 
alter the arrangomoiit of tin' lines of fons!, making 
them moTe away from the [loles and c.oncentrato 
towards the equator of the charged sphere, when 
the speed is very groat; ultimately hceoming wholly 
concentrated upon, or parallel (o, the e(|uatorial 
plane, in the limit; if the s[)eed eoidd attain that of 
light. And the ('.leetrie lines of (dree would thou 
be opened out into a fan or etjuatorial brush, like 
the spokes of a wheel which is rushing furiously 
along an elongated axle, the circumference of the 
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caused bv the motion ; honw KF k anuaniilv tif ihn mtumd ordi»r and 
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wheel representing the direction of flic magnetic 
field; but this very eoinlcnsation so iutciisili(<H the 
field as to make the. inertia ulfitaatelv infinite. 

It might bo supposed that n-arrungement, of the 
lines means that the. distrihittion of the chargi* itself 
is altered by the motion, .so that all the chargi* is 
concentrated upon the cipiator, whence the line.s 
of force would start normal to the Miirfacc as usual. 
There are many ditHcultic.s ahuut such a concept imi 
however (see Aiqaiiidix K), niul it is easifr to 
suppose that the charge retains its disiriimtion un- 
altered, on the surface of the stihiTc. ami tliat each 


:arts no longer in a direction perpendicular to 
siaxfaee, when it is in rapid motion, but sets 
oToliquely, with a deflexion towards the equator, 
"fco give the arrangement above described ; — like 
ks of trees on a clifi" or landslide which preserve 
roots in situ and gradually adjust their growth 
le vertical direction without being any longer 
smdicular to the soil. 

5 a matter of fact the question all depends on 
' liypothesis we make as to the intrinsic struc- 
of the electron. If we liken it to a perfectly 
acting body with an electric charge, the charge 
. Toe confined to its surface ; and it may be 
id, as Heaviside did, that the distribution will 
iia. uniform (cf. Larmor, JEther and Matter, 
54=). Or it might be likened to a solid globe 
aiform electrification. It may be something of 
h we have as yet no conception : but the 
fiinents of Kaufmann probably suffice to prove 
whatever the structure is, it is symmetrical 
id a centre, after the general manner of a 
.filed spherical distribution. 

L the other hand these considerations can be 
'.ed by treating the charge merely as a 
etrical point from which the lines of force 
ate, and ignoring its size or possible conducting 
r. This is the keynote of Larmor’s treatment 
igliout his book JEther and Matter, and also 
3 earlier papers : in dealing with atomic structure 
iplies that the electrons in the atom are at 
aces apart which are great compared with their 
Cf the fundamental investigation of Chapter 
;o be referred to below. We could hardly tell 
•io'ri which treatment would best correspond 
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this second method of trwitmciit is not only simpler 
but that it is adequate to e.^iHUiiff knowledge, enabling 
numerical results to bo obtained which are singularly 
concordant with experimentally measured n'snlts. 

In any case an indication of t he. mo<U^ of attack 
can be suggested thus : 

The magnetic force due. to mot ion is proportional 
to the speed of tlui inot.ion. 'I’he .siaMuulary electro- 
static force due to the motion of this nmgiu't ie, held 
is likewise proportional to the same spetal.* Ileiuio 
the disturbance of tins original iinifnrni elee.tro.static 
field will bo of the second onh>r. ir/i’'; and wlieii- 

* The value of the njiigut'tie ut hov with polar 

coordinates rO) due to a olmi’Ko a wit It ir, i * 

i.l»s - . 
r* 

and is in rings round the lino of iiiiitiou u. U out lu the 

diagram because it is perponditMilnr to f . ttiriuiidi I*. 
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ever we can afFord to neglect quantities of this order, 
the field and therefore the inertia of the moving 
charge will continue practically constant. 

But when i(.H speed of motion begins to approach 
the vclo(jit;y of liglit, say even no more than 
of that sptujd, then a [xircoptiblc disturbance is 
to be e.xpec.te.d, and something like a 1 per cent, 
increase of inert.ia must occur. 

The (‘.omphitti inve-stigation makes the inertia 
infinite when Iht^ speed ri'ae.hcs that of light (see 
Appendix K,), but there is probably no need to 
press this t.o (‘.xtrc'uu's, unlt'as the charge were an 
absolute |)oint. ; eh-arly, howevc'r, the inertia will 
then bc‘. very great-, and possibly theredbre it may 
always be impossiblci t.o tnake. matt.er, or at least 
charged matter, move' with a spcual greater than 
that of light. 'I’hert* may be. ways out of this, 
howeven-, just as it is po.ssible for a bullet to move 
through air with a veloe.ity grciatcr than that of 
sound. 'I’his is managed by the violent adiabatic 
conden.sat.ion of the air in front of such a bullet, 
tlio cdfc'et being to raise the appropriate velocjity of 
sound to l-he re(|iiired value; aiuf by the ridge behind 
it where discontinuity makes its apjaairane-e. It seems 
unlikely that, tin* «*tlier ean adjust itself to excessive 
speed beyofiil the speed of ligld- without a changes of 
strucsturc^ akin t<» what wendd be ruptures in the case 
of a materiid mc’dinm. 

It has bei'it shetwn ftoth by Mr. Heaviside and 
by Ih'of. .1, .1. Thomson that if the speed of motion 
is csver greater than that of light, the fais or radial 
plane of lines of foree l»*iids ha<skwards and hcscsomes 
a (sonicjil .surfaei*. grmlnaiiy closing nj) its tins spc'cd 
furtlusr iiierc*!t.seM : in aei-ordanet* with tin* analogy of 
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travels witli a sufficiently rapid bullet, and is demon- 
strated in Mr. Boys’ bullet photographs. 

No known speed which exists in ordinary matter 
is sufficient to bring any variation of inertia into 
prominence. The quickest available c-arriago is the 
earth in its journey round the sun, 1 9 miles a second, 
or 60 times faster than a cannon hall ; but the 
earth’s velocity is only the of the speed of 

light, and consequently any si)urious inertia due 
to its orbital motion is only 1 part; in a hundred 
million; and even the accuracy of astronomy could 
not display an effect of that order of magnitude. 

There are a very few stars whic.h move. 200 miles 
a second, but even tliese have only one-tenth per 
cent, of the speed of light, and t.he excess inertia 
will be only 1 part in a million, 'riu*. only known 
place where charges or charged atanis were known, 
prior to 1903, to move at speeds greater than this, 
was in a vacuum tube. There t.he cathode-propelled 
particles arc flying 20,000 miles a second or j’^th 
the speed of light, and they may hav(( 1 per cent, 
excess inertia ; or more if they can 1»^ pi'r.suadfid to 
go still faster. 

But higher speeds are now known, Ixhng obtained 
in the spontaneous emission of ele.etron.s and atoms 
by radio-active materials; so it bet‘.ome.H of the 
greatest interest to (h'tci’mine th<^ etnistantH, and 
especially the inertia, Ibr rays of this kind. 



CHAPTER XIII 

rtJSTIFICATION FOE ELECTEIO THEOEY OP INERTIA 

But first we must ask, what justification is there 
for the view that each of the isolated corpuscles, or 
w'hich measurements have been made, is a purely 
jloctrical corpuscle or electron without materia] 
nucleus, all of whoso properties are to bo explainec 
ill accordance with purely electric and magnetk 
laws ? Then we may proceed to discuss the furthei 
extraordinarily far-reaching hypothesis — first tenta- 
tively put forward by Ijurmor in 18i)4, Phil. Trans. 
voL 185a, p. 813, with mechanical illustration of f 
purely ethereal strtjcturo for such an electron — thai 
the electrons constitute matter, that atoms of mattei 
are composed of electric, charges, that the funda 
mental inertia-property of matter is identical witl 
self-induction. 

There is the reasonable philosophiad objection t< 
postulating two methods of explaining one thing. I 
inertia can be explained tdc.ctrically, from the pheno 
mciia of charges in mt)tion, it seems needless t< 
retmire another distinct eauso for it also. But thii 
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had reference to the proportion of radiation to thermal 
energy developed wlien corpuscles encounter a target 
which suddenly stops them. In so far as they consist 
of non-electric matter they would producse only heat 
by their dead collision, without any direct generation 
of ethereal w-aves ; in so far as they consist of elec- 
tric charges they would disperse a eertjun amount of 
radiation energy ; and so the proportion of radiation 
to heat might afford a criterion.* Hitherto, however, 
no adequate measurements have betm made in this 
direction. 

But there is another more liki‘Iy avernue to a con- 
clusive result. We have seen that wlu'u an electric 
charge moves with a speed approac.hing that of light, 
its inertia is theoretically no longer constant, i)ut 
rapidly increases and becomes infinite when the 
light-velocity itself is reached; and rather complicated 
and different expressions for this high-speed inertia 
have been calculated by several mathematical physi- 
cists, on different views of the constitution of the 
electron. See Appendix K for a disc-ussion of this 
difficult subject. It is {)os8iblo that tliis fae.t will 
give us the necessary clue. 

For in oertoin cases of the production of cathode 
rays, or at any rate of beta rays, a spe<‘d not far 
short of that of liglit is reaclied, and in such aises 
the effects of the ine.rcased inertia can he observed. 
Such an experimental determination has been quite 
recently undertoken and executed wit.h great skill 
by Dr. Kaufmann,t who employed the met hod indi- 
cated above (Chap. V.) of comparing simultaneously 
the electric and tlie magnetic deflexion of the same 
set of rays from a speck of radium submitted 
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siimiltancously to an electric and a magnetic field 
coincident in direction. As a matter of fact the 
speck gives ()tt' rays of various speeds, which are 
differcubly de.lhHitcd into a thin streak like a 
comet’s tail (sc'c fig. 18 ) : and it is the faint 
impression they make, on a photographic plate in 
high vae.vmm that is measured and gives the data. 
Thus the V(slocity and tlie e/m ratio are both 
known, and — to stiminarise briefly the result — 
Kaufmann cmuiliuhal that when the speeds ap- 
proached percept, ihly near the velocity of light, the 
clectroe,henu(‘,al e,quivalent m/e increased by just 
the amount required in accordance with pure electric 
theory— the, tlmory which attributes the whole of 
inertia U) electric inihnmct',. There appeared to be 
no c|uant.it,ative room for any extra inertia, such 
as that of an inert particle of non-electric matter 
travelling with each projectile, re.taining its inertia 
constant at all .speeds, and so eoiitributing nothing to 
the rise ()f inertia perceived when the speed approaches 
within hail of that of light. 

We will now enter more into detail concerning this 
imporUint matter. 


Proof of the pmrltf elect rival tiature of the inertia 
of the }i particles shot otif. hy limUum. 

Thcrfi is every reason t.o believe that the ^ rays 
emitted by radium are identical with the cathode 
rays ob.servable in a vae.uuin tube ; for both consist 
of a mtdtit.mhi of eh^-trons or e-orpuHeleH travelling at 
exeeasively high .sjii'ed ; and if a diderminatioii be 
made of tliis soei'd and of the tjhH-.tro-ehemical equiva- 





X JLAJLUV/X** A V/ A A AXA L^JUl, -A.XH, 


method of subjecting them both to magnetic and to 
electrostatic deflexions, which is the easiest way — the 
numbers come out quite similar to the number 
obtained for cathode rays, viz., for mje. the, value 
10'^ in E.M. units, and for u something of tlui order 
10® centimetres per second. 

But radium under favourable conditions is found 
to shoot out its particles with a speed exceeding even 
this, and in some cases to approacli within hail of 
the limiting speed, the veloc-ity of light This is 
the very important result obtained by the German 
physicist W. Kaufmanu, who has made an admirable 
series of determinations of speed and of electro- 
chemical equivalent for this case. 'I’he importance 
of obtaining these excessively high Hpc'.eda should bo 
obvious, for thereby we arc enabhal t,o l■(^Ht the elec- 
trical theory of inertia, ll'lmoretically the inertia at 
high speeds is not consfcint, but iu(;n‘ase,s aetiording 
to a complicated but calculated law ; wo cannot 
suppose that the electric charge va,ries in any 
way with motion ; hence the el(H:troc,hemical cfiuiva- 
lent mje is proportional simply to the mass, and 
ought to be a function of tlie velocity n, nearly 
constant for ordinary values, l)ut iiuirensing rapidly 
as it approaches within hail of the vcdocity of 
light. 

To obtain ntnncri(‘,al values we may apply the 
theory developed by Air. Ileavi.side and by I’rof. .1. 
J. Thomson, with regard to the incnuisf! in momentum 
of a flying electric cliax'ge, over and abov«i the natural 
mu value, with m conaicltuod constant, whic.h is the 
value at all ordinary speeds. 

The formula which the latter used for t he. purpose 
of numerical calculation i.s one of tluwe, given in his 


as 


Lectures 
follows : 


on lUectriciiy and Matter, p. 44, 
mu = electric momentum — 


2a 


ffZ Sji “ is) + i ™ 2«(n- cos 2«)} 


whore sin = ujv ; and we may express it in a fairly 
simple form thus : 

The moinonl.um of a particle of electricity moving 
at excessive. spe.cMl is greater than the momentum 
of the sattu'. [)article (estimated on the hypothesis 
that its mass is coii.stant., in a numerical ratio given 
by the following expression ; where the ratio of the 
speed to that- of light, 'w/u, is expressed as the sine 
of a c(!rtain angh*. 0 : 


-75 

4 siifft sin 2d 


((4 sirrd — 


l)2d + (4 sin®d + cos 2d) sin 2d}. 


We will call this the ratio </>(d). It is the measure 
of the spurious or <'.xtra inertia (lue to rapid motion ; 
the ratio of the. tuass at speed 7i to the stationary 
mass. We. may also writ.e it, rather more conveniently 
perhaps for calculatioTi, thus ; 

w. _ 1 /m d/l — 2 (‘.o.s2d 2d 2 — cos2d\ , , 
«t(i ' ”"h\ I — cos2d .sin2d 1 — cos2d/ ' 

Now the highest speeds mc.asurcd by Kaufmann 
wore such ns tin*, following : 

22i(5, 2‘-lH, 272, 2'B5 times 10*® cm. per see. 

whihi tlus speed of light is well known to be. tPO x 10*® 
cm. ptu‘ see. : so the*, ratios u/v, corresponding to the 
above obscrvtnl speeds, uni respi'ctivoly 

787, -817, -BOh, ■‘K)7, -05. 
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theoretical ratio 4 >( 0 ); namely, the ratio which 
expresses the number of times the mass of an electric 
charge, at specified high speed, exceeds its mass at 
low or zero speed. 

The successive values of <J1)(0) come out, according 
to J. J. Thomson, for the above set of velocities, 

1*5, 1-66, 2-0, 2-42, SI, 

and these are what must be compared with direct 
observation or measurement of the apparent or 
effective mass in each case. 

Now the corresponding values observed experi- 
mentally by Kaufmatm for these same quantities — that 
is to say the factor by which the moving mass 
exceeded the same mass when sbitionary — were 

1-65, 1-83, 2-04, 2-43, 3-09, 
showing a vciry remarkable degrc'c f)f approximate 
agreement between experiment and th(‘.ory,-— especi- 
ally at the higher speeds. 

Thus at the highest speed ever y('.t ob.Horved for 
what may bo called a particle of mat f.er, at any rate 
for an electron — namely 2'Hr) x 10“' c.m. per sec. or 
six hundred million miles per hour •the. mass of tlio 
particle is three times as great as its usual value; 
and naturally its momentum and energy are increased 
in the same proportion. 

Such a surprising agreement as tlui nbovts, between 
theory and observation, rcnK)VO.H from my mind all 
reasonable doubt ns to the truth of the hyi)othcsi.H 
that the inertia of electrons is ele,<'.trical inertia. 
I regard this closeness of agreement, as 8j)eciHlly 
surprising, for it was not the first diuluctimi of the 
experimenter, W. Kaufmann, himself: Ins deduction 
rather was that the electrical mass constitutes about 
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used auotlicr formula for calculating it (given in 
Appendix K), which assumes that the charged body 
behaves like a conducting sphere. But when the 
correct diiduc.tions from the Heaviside expressions 
above n',f('.rr('.d to wore applied, with the collaboration 
of M. Abraham, results practically equivalent to the 
above were obtained. The above agreement is attained 
by Professor .1. .1. Thomson, who applied his own 
theory to the re.sul(,s of Kaufmann, working it out on 
the assumption that the charge behaves like an actual 
point. 

If it is (o be urged in future that an electron 
contains a material nucleus in addition to its electric 
charge, the burden of jiroof rests with those who 
maintain that thesis. The hypothesis which now 
holds the licld is the [luri'ly tdec.txical one. 

But it must be remembered that this is not the 
same thing as establishing an electrical theory for 
all matter. The inertia of an electron is purely 
electrical, but what about tlu'. inertia of an atom ? 
Who knows that the atom is wholly composed of 
electrons ? We <lo not know that as yet. 

Nevertheless we arc now in a very central chapter 
of modern physiiw, ami it is desirable to enter into 
the mat, ter somewhat more in detail than in the 
above preliminary sketch. 



CHAPTER XIV. 

MORE ADVANCED DEVELOPMENT OP THE COM- 
BINED ELECTRIC AND MAGNETIC DEFLEXION 
METHOD FOR MEASURING VEr.OClTY AND MASS 
OF THE PARTICLES IN COMPOUND RAYS. 

The methods given in Chapa. V. and VI. and Chap. 
IX., for measuring u and ejm, made. tlu*. dctcmuna- 
tion look very simple, if the precaution ia Liken of 
having the apparatus in vacuo, so as to eliminate 
the troublesome conducting powi'.r of the air and 
obtain the electric deflexion undiluted, as J. J. 
Thomson first found feasible. But then the aimplc 
theory, there given, assumed that tlie quantities to 
be measured were constant, and tha.t the deflexion 
to be observed in each case was a single deflexion 
capable of accurate measurement; but this is oft('.u 
far from being the case, since the vidoc.itius of the 
particles differ ; and when, as in the case of radium, 
some of the speeds approximate to that (tf light, it is 
impossible that it can bo the case, for tins iiu'.rtia itself 
then changes in a complicated way with the speed 
and must be treated as variable. It is easy to forget 


it will possess iio features which enable anything 
like tncasuremeiit to bo made on it, unless some 
still further ingenious device be employed, such as, 
for instaiuse, that of Kuudt for making experiments 
on anomalous dispersion. 

The (ixpe.rimeuts of W. Kauftnann at Gottingen 
were conducted after this very fashion, and may be 
summarised thus : — a.n electric and a magnetic field 
wore simultaneously applied, in such a way as not to 
neutralise each other’s clVccjt but to cause deflexions 



Fit}. IH. DipKiiim t»f tlif, tlt'flfxitm of high-velocity ray» from radium, 

Tht? rtvtUum in itt a tmvifcy iu a load bhxjk a ; the rajB through an 
apertuve />, and arc npt ctwl out Uy a magnetio hold into a spootrum d! A ; 
the gitinina rave or any tmohargtul vaya produce an imprwsion at o on 
the photograph its platts placed to receive all the rays. In a uniform 
flolii ratsh of the lines ubd k a circle. 

ftt right, angles to ea<-.h other. In that case if the rays 
from a small point sonriai, after travi'Tsing the double 
field, anv received upon a photographic plate at a 
little di.stanee, it may be o,tpeoted that the two 
spcH’-tra will be e.ompoimded into a single spectrum 
iuelined at some angle corres|)Ouding to the relative 
stremgth of the two lields. But whether the inclined 
spectrum thus produe-ed will be a straight line or a 
curve must dejamd upon cire.umstances. All that 
(sau b(5 said, without furt, her consideration, is that each 
point of tile, speetnau would represent a definite 


velocity, for each of the particles whicli have produced 
the impression at that point. And inasmuch as the 
particles of different speeds will he sorted out to 
diff’erent parts of the spectrum, it may bo po.ssiblo 
to select those points which correspond to the highest 
speeds, and indeed to compare the ratio of tlie two 
deflexions for various speeds, if by any means the 
velocity corresponding to each point ('.an be determined. 

A little calculation is ncedeci to bring out the details 
of the theory, and that shall be given directly, but 
first I will give an idea of the kind of apparatus used. 

Experimental Device used J>y IV. Knujhiann. 

A minute quantity of radium salt in a liltJo 
brass box acts as source, and a pimeil of its rays 
penetrates a small hole, about half a millimetro 
diameter, in a plate of platinum at a distance of 
2 centimetres from the source ; on the way, they 
pass between a pair of parallel and insulat('.d plates 
of brass which are separated by about 2 millimetres 
from each other an(i connected to a higli-tension 
battery of from 2,000 to 5,000 volts. After then 
travelling another 2 centimetres, they encounter 
the photographic plate placed to receive them. 'I'he 
apparatus is contained in a thoroughly e.xhaustod 
vessel, and the whole is placed between the poles of 
a large electromagnet giving a nearly uniform ftekl, so 

Fig. 10. — Kaufmarm’ft apparatuH for mtiMijrhig ilrimltaiwkHjKly 
electric and magnetic deticKioiua of partiolci tjoiiwiwmg very high velodity. 

The source of radiation i» a minute quantity of radium plaoiMl in a 
at 0. All except the higheat-voloelty rayi are deiected out of aefclon Ijy 
the magnet NB; some or the highest-velocity rayi paii upwardi tlirouKh 
the aperture B, being deflected forward hy the mag netie field, ami ihlo- 
ways bv an electric held, wlnme lines are coinckkut with the mafuttk 
lines, between the adjuitabk plates FiP|, which are kept m highly 
electrified as possible through the electrodes B. Thus# thus dotiul?- 
defleoted rays then fall upon the photographic pkk H, where they are 
spread out into an oblique sort of very minute spectrum, more or Itii In 
accordance with diairram 18 : on which 






that the magnetic and electric fields are superpose, d in 
the same direction, their lines of force being coincident. 

Under these circumstances the particles will 
describe the beginning of a spiral, being curved 
round the magnetic lines and deiiected along the 
electric lines, until they escape from the conil)ined 
field and travel in their deflected direc.fcion to the 
photographic plate as terget. The slow-moving 
particles, if any, will presumably strike tluj bounding 
surfaces and be stopped, — oidy the very raj)id ones 
will reach the plate; which is protected from alplui-rays 
by aluminium foil, wliile the undellccted gamnia-rays 
would probably mark the direct line of fire, and thus 
give the geometrical “origin” of the curve or trace 
which would be found on the phitij after long I'.'c- 
posure, — a curve which we may write y whore 

y signifies the electric deflexion and x tlu^ magnetic. 

This method may be called the method of the 
crossed spectra. 

The theory can then be expressed sumewhat as 
follows : 

Let the measured coordinates of any point, in the 
spectrum, as developed on tlio photograpiiie. plate, be 

X and y , ^ inagnetic deflexion, 

and y the electric. 


These deflexions may he taken t<i represent 
inversely the radii of curvature r and •/ jiroduced 
in the rays by the roapoctivo fields 1 1 and hi, 
in accordance with the simple mechanical eijuations 


mu 


:/ueHu, and 


nm^ r, 

y =hl«. 


a: _ / _ ylhi _ u 


(therefore 
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whore ia a eonatnnt depending on the relative 
effective .st.rcngth.s of the fields applied. 

In so fur, therefore, as the particles which reach 
the plate are all onutted with nearly the same velo- 
city, the |)h()tographic trace will he an approximate 
straight line, whose slope is a measure of that 
velocity. 

But to got the electrochemical equivalent we must 
also writt'., from the above ecpiations. 


m W 


( 2 ) 


where k is another (*.onstant expressive of experi- 
mental c.ondition.s ; .so in so far as the masses of the 
partichiH ari‘, all tlui same, the photographic trace or 
spectrum will he. a parabola. 

But at till' liighe.st apeed.s m/e. is not a constant, 
but a fune.tiou of u, -such a function as is given on 
page 1 :5I5,—with u o sin 0. 

So calling this function ~ = if- we 

" mo '\v/ ^\v yj 

arrive at the conclmsion that the actual equation to 

the [ihotograpiiic curve should bo 



with anot lu'.r eotistant. 

At the higlu'.st speeds, when u approaches v the 
velocity <)(' light., v (sinnot vary much, since it 
is approacliiug a limit, and acc,ordingly the curve 
to bo cxpcc.tctl will be approximately a straight line ; 
the only rapid variable will Ihm be the mass, which is 
getting tu'iir ht its asymptotic approach to infinity, 
and thercfiu'c varies much iiu>re rapidly than u. 
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clear a trace as possible, for purposes of measurement, 
and then by trial and error choosing a (ionstant 
such as to make the squares of discrepancies of the 
ratio here called h^, from its mean value, as small as 
possible. 

If it is possible to find a value for the constant \ 
which shall bring out the calculated value constant 
within the limits of experimental uncertainty, then 
the form of the theoretical function <!> is to that 
extent verified ; and inasmuch as that function was 
calculated on the hypothesis of purely electrical 
mass, the hypothesis of the purely clecti-i(‘-al nature 
of the inertia of /S rays is thereby similarly verified. 

Kaufmann in one of his papers says the cxperimentel 
errors in his concluding series only amounted to 1'4 
per cent. ; which, considering tlie diflic.ultios to bo 
overcome, is remarkably good. 

It is also of interest to record that the numerical 
value obtained for the normal or low speed value 

of — for the /Q rays from radium is 1‘84 x 10^ c.g.s. : 

while Dr. Simon’s independent determination, by 
other means, of the same quantity for cathode rays 
was l'865 xl0'^; which is likewise a .satistactory 
agreement. It is needless to emphasise the agreement 
with J. J. Thomson’s much carlic^r mciisuremcnt of the 
same quantity for rays from other sources. 

The formula employed by Dr. Kaufmann, as repre- 
senting the inertia, wjis erroneously deduc.od from 
results in a paper by Mr. Searle of Cambridge ; and on 
the strength of that he concluded at first that only a 
fraction of the mass was electric. But it was pointed 
out by Dr. Abraham of Gottingen that tint inertia thus 
calculated was only appropriate to direct acceleration, 
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was wanted was the transverse inertia, or tlie inertia 
appropriate to a ddlecting force at right angles to 
the lino of motion. This is to be obtained from the 
expression for the transverse force, derivable from the 
expression for the energy in the ordinary manner by 
Lagrangi'.’s dynamic, al_ equations : at high speeds its 
value comes out dilferent; and when the formula 
supplied for it by Dr. Abraham was subsequently 
applied by ICaufmann in his calculations, it was found 
to correspond very nearly with the view that the 
whole of the inertia is eh‘.ctrio. 

This formula, which in fact applies to any solid 
aggregation of eh',ctric,ity stratified spherically, is 
that the tranHV(M'H(^ inertia of a flying particle, w, is 
to the inertia of the, same particle stationary or 
moving slowly, mo, in the following ratio ; 


m 

Wq 






log 


1 + ^ 



.( 2 ) 


where /8 is f,lu» ratio of the, veloc,ity of the particle 
to the vcloeit.y of light. 

This formula is not identical with that employed by 
Thomson, possibly beiaiuse the latter worked with a 
difibrent idea of an elc<5trou, though it gives numerical 
results not exeot'dingly difrerent. Primarily, how- 
ever, it was employed not so much as an absolute 
expres.sion, as a Jitmi of function to be verified : 
though it was used absolutely too. Kaufmann was 
ultimately .sal isfied by finding out that his observed 
mass varied if anything more rapidly, not less rapidly, 
than theory retinired ; so that if the particles con- 
tained any outstanding inertia of a non-el ectrical 
character, such nnexplained inertia must have a 
negative value, which nrasumahly would be absurd. 
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agrees with observation, in absolute numerical value, 
any better than Thomson’s formula docs; nor do I 
obtain even from Thomson’s formula exactly the 
numbers that he quotes in his American lectures; 
but to go into the whole matter would be inappro- 
priate here, — nor is it necessary, since the theoretical 
differences only concern details that could doubtless 
be removed by a little discussion: it will only become 
necessary to go into them more fully when the 
difficulties of Sie experimental observation are still 
further overcome, and when even more accurate and 
trustworthy results are obtained.* 

I have taken the table of Kaufmann’a beat results, 
as published in the Physikalis'che ZviUchrift 4, 
1902-3, p. 55, and calculated them out by aid of 
the ^ expression given above on p. 133. 

The results are tabulated below. I quote his given 
experimental values for x and y, together with the 
values he gives for /3, or w/u, or what I have called 
sin0; and then after reckoning out which repre- 
sents the theoretical ratio m/mo according to ’riiomaon’a 
theory, I have put a column of yl'P ; wluch should 
correspond, at least proportionally, to the same 
quantity as experimentally determined ; and 1 like- 
wise quote a column of which represents the 

same quantity calculated according to Abraham’s 
formula (p. 143). (The numeritud agreeimint of yjx^ 
with a mean mass ratio, without any consbint factor 
other than unity, must be accidental.) 

* The results of ICauf maan^s mhmqumU work will bo diiouwad ia 

Appendix M, 
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CHAPTEE XV. 


ELECTEIC VIEW OF MATTER. 

What has been proved, by the combination of experi- 
ment and theory now summarised, is that the most 
important variety of rapidly flying corpuscle — the 
cathode rays in a Crookes tube, the /S rays emitted 
by radium and other radio-active substances, the 
particles thrown ofi" by most clean surfaces when 
negatively charged and stimulated by ultra-violet light, 
the carriers of the negative discharge from incandescent 
bodies, and likewise the revolving or vibrating portion 
of an atom to which the emission of radiation or 
ethereal wave-motion is due — that these are all of an 
identical nature and all possess an inertia of purely 
electromagnetic character ; that is to say that they 
are all pure electrons without any admixture of 
ordinary or unexplained matter, — that they are 
simply electrical charges without any material or 
non-electrical nucleus. 

We thus reach the very important deduction that 
negative electricity can exist apart from matter in 
little isolated identical portions, each of exceedingly 
minute known size, known charffe. and known inertia: 
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meutnl |)liou()iu('.iui, of clcotrie currents, of magnetism, 
and of the pixaluetion of liglit. But in order to explain 
chomical action, the details of radiation — such as 
groups of spcctruni line, sand tluv like, — the differences 
observable. bctw(H‘.n (ionduetors, and the properties of 
magnetic Ixalies, it is n(>e,e,ssary to treat of matter also ; 
and to considm- whether its inertia too, and therefore 
its wliole natiiri'. and properties, can be reduced 
and siinplilicd and explained as electromagnetic 
phenomena. 

For observe that tdiongh an electron has been 
shown to posst'ss puixdy (‘.Icctihial inertia, the same 
proof has not_ yet lieen exbuuhid to an atom : the 
constitution of an atom is so far unknown, and is the 
subject of Iiyiatt.hesis only. More.()ver the only 
electron obH(*rved, vHo far, has been the negative 
electron; tli(‘. jiositive has hitherto esc-aped observa- 
tion in any isedated form, since it has never been mot 
with apart, from a muss eompa.ral)le with an atom in 
btdk and widglit,. It may be that it (‘an have no 
separatti exist.eiice apart from the atom of matter, 
but in that case it will liardly be proper to speak of 
it as an elcct.ixm at. all; it may be tliat an indi- 
visible jxKsitive (duirgc itstdf eonstitutes the bulk of 
an atom of matter; in any cast! its nature must be 
iuvestigati'.d, ami many have been the attempts 
made in that, direction, — among the best known in 
reec'.nt times la-ing tin* e.xpt'riments of Prof. Wien 
and ot hers «m “ (jnnal rays." According to Larmor 
positive ideetrieity niiist be the mirror image of 
negative, and <'xp<'rimental residLs must be inter- 
preted to suit t.hat theoretical conclusion. The. 
relaticms of po.sitivc (dectriifity constitute in fact the 
main «)utst4indinc; probUun <*f Physics at the. pre.scnt 


towards understanding the constitution of. an atom 
must remain in a state of suspended animation. 

Tlie only portion of an atom tliat has been really 
analysed, and so to speak understood, is tliat minute 
but significant fraction of its mass wliic-h confers 
upon it an electric charge, c()n.se(|ucnt chemical 
affinity, and radiating power ; and, when wc come to 
ask what all the rest of the atom is compo.scd oi^ all 
we can say definitely is tliat the specific structure 
must depend on the nature of the clmmical element 
under consideration. But if we consider the simplest 
known atom, namely tliat of Hydrogen, wc can make 
various hypotheses somewhat as follows : 

(1) The main bulk of the atom may consist of 
ordinary matter (whatever unknown ent ity is hidden 
by that familiar phrase), associat.ed with sufficient 
positive electricity (whatever that may be) to 
neutralise the charge belonging to the e.lec.tron or 
electrons which undoubtedly exist in connection with 
each atom. 

(2) Or the bulk of the atom may consist of a 
multitude of positive and negative electrons, inter- 
leaved, as it were, and holding themselves togef,her 
in a cluster by their mutual uttractious, either in a 
state of intricate orbital motion, or in some static, 
geometrical configuration, kc}it permanent by appro- 
priate connexions. 

(3) Or the bulk of the atom may be compo.scd of 
an indivisible unit of positive eloetrieify, constit.utfmg 
a presumably spherical mass or “ jelly in the midst 
of which an electrically equivahu'it numl)or of point 
electrons are as it wore ‘sown’; these (dec.trons 



the jelly, with a foroo directed to that centre, and 
varying a.H the (lire<ct distance from it. 

This liypothesis, in spite of obvious weaknesses con- 
nected with tlui nature of the positive unit, has great 

attractiveness: -for it explains the constant period 

of an orbit ; it eau explain the occurrence of visible 
radiation by perturbations of the orbit during 
collision ; and it has been shown by J. ,1. Thomson 
to be capable of carrying us a long way towards a 
rational e.le.ct.rical theory of Mcmdchieirs scries of 
the chemical <'.h‘tnc.nt.H, (ngether with some of their 
chemitjal— -esp(‘.c.ial ly tlmir elcctro-chemical — proper- 
ties, and Kom(‘. feat.ma's of their spectra. Moreover 
it goes furl her and explains in a fairly natural 
manner, and without artificiality, the gradual degra- 
dation of atomic. «‘nergy by slow uncompensated 
and un()<‘r<a'ivcd radiation; the conHC<|uent gradual 
oncoming of inslahility ; ami the occasional cata- 
clysmic. l.raiiHmtd.'dion of one element into another, 
or rather into ollu'rs, with e.xplosivo violence, — as 
observed in llu^ facts of radio-activity. It gives in 
fact, a raiionul f.hotigh preliminary view of the 
hy[)oLhetii'al evolution of all matter, which many 
known eirc.umslanc.<‘s now tend to HU|)port; and it 
accounts in a kinetic, fashion for the immense store 
of intra-atomic, tmergy. Nevtu-thcless it is very far 
from being an (established theory, and another view 
that eati be, taken of the. r((St of the atom is : 

(4) That it con.sisls of a kind of interlocked 
admixture of positive and m'gativc. el t s ■, tricity, 
indivisible and iu.scparablc into units, and incapable 
of being fippreciably sheared by applied forces, but 
inc,(»r porn led together as a c(mtinuous imuss ; in the 
midst of whicii one or more isolapsl and indi- 


that display of external activity which confers upon 
the atom its observed properties. 

(5) A fifth view of the atom would re^^ard it as a 
central ‘sun,’ of extremely conctuitratcd positive 
electricity at the centre, with a mullitudo of olcc.trons 
revolving in astronomical orbits, like asteroids, within 
its range of attraction. But this would give a law of 
inverse square for the force, and eonsecpiently periodic 
times dependent on distance, which aj)p(^ars not to 
correspond with anything satisfactorily obscirved. 

All these views however are painfully indeiinitc, 
except the third one, which regards positive', ele.ctric.it.y 
as an indivisible unit of perfectly unresisting uniform 
material (though ‘materiar is not the right word), of 
spherical form the size of an atom, in the midst 
of which a definite geoim^tric-al arrange.ment of 
electrons arc revolving with known fre((uency in 
specified groups or rings. ‘I'he amount of out.standing 
vagueness in this view is obvious; and is mau'ssary, so 
long as we know little or nothing alxiut the intrinsic, 
nature of what we experience as positive elec.t.ric.ity ; 
but at the same time all the rest of this hypothesis is 
definite enough, and enal)lcs mec.hani<;al laws and 
calculations to l)e applied with considerable fulness to 
the elucidation of the phetioniona that would be 
displayed by such a ‘model’ or liypotludical com- 
bination. And if the so-calculated pluvnomena are 
found to correspond with fact, it assurc< Uy lends 
some strength to the hypothetical basis on which the 
calculation is founded ; although it is c,ert4Uti to have 
to be modified somewhat in the light of growing 
experience as discovery procee<ls. 

Whatever it may be worth, this is the only theory 
of the nature of the atom which has hetm to any gr<‘iit 


is at pvcaeiit,, it i.M worthy of some attention from its 
own intrinsic, interest. It will be found developed by 
Professor d. d. 'I'homson in the Philoso^Mcal Maga- 
zine for Dec.. and March iy()4; and a general 

idea of its main f(Mitnre,s can be gathered from his 
American “Silliman ijectnres,” published in 1904 by 
Constabh'. as a book c.all(',d Eleetricity and Matter. 

Wens it less h}'potl>e.ticai a further account of it 
would 1)0 given hens, but an extremely recent paper 
by the sanns great l*hyHi(siat has tended to reduce the 
whole Huljji'ct to a slate of exaggerated uncertainty; 
since he gives reiusouH, which appear to be sound 
ones, in trhe Philamphiral Magazine for June 1906, 
for assuming tiud. only one active electron is contained 
in a hydrogen ai.om, and t hat all other elements contain 
a number of elect, runs coinparahle to their atomic 
weight, reckoned on the basis that H=1 (see 
Appendix L). 'this is an extraordinary and un- 
suHpcH’.ted result, and at first sight appears very 
unlikely, sim-.e t.hn ordinaiy clicmical a.saumption of 
a unit at,omic weight for ifydrogen hius always been 
known to b(* a pure convimfion, made for convenience 
alone, and not. iik<‘Iy to correspond with anything in 
nature. I do not Hni)posc that anyone imagined 
that it would, even provisionally, be found to have 
a physit-jd and rational hasi.s. 'I'ho subject is further 
referred to in Uluipters XV 11. and XJX. below. 

In tliat slate of uueertuinty the matter must be 
left fur the pre.seiif ; hut we nuiy go on to indicate 
roughly how some of the kni)wn propt^rlies of matter 
could l)e exp<*eii'd or tsxplaiiied, on a view of the 
electrical e.oiistitutifm of matter which supposes it 
oomposeil of a large, number of positive and nega- 
tive elect rie charges, irrespei^tive of the particular 


CHAPTER XVL 

ELEOTEIO VIEW OF MATTER (continukd). 

Nature of Cofiesion. 

Wb shall now try to trace sonio of tho consequences 
of the view that all atoms of matter are built up of 
the same fundamental units, and are composed 
of aggregates of a definite number of variously 
grouped negative and positive ebargi's, — whi(!h for 
present purposes we may (‘,all eleiitrous, eviui though 
some are positive — arranged in kinetic patt(U‘n8 and 
keeping apart by reason of the vigour of their own 
orbital motions. 

At first it is not easy to do more than imagine 
the electrons to bo statically groupcal intiO regidar 
patterns. It is easy to conceive this on f he, hypo- 
thesis No. 3 of last chapter ; for tliough in frt^o space 
they would be unstable or disperse, their possible 
groupings are easily calculated in a positive num- 
struum; for instance they might he arranged in 
triangular or square or hexagonal oitlor ; with 
other allied three-dimensional poHsibiliti('.a familiar 
to students of crystallography. Bee, for instance, 



On Chemical and Molecular Forces. 

Tli(> Ibrcc of (iluMniwil attinity has long been known 
to l)e (‘Icctrical. '['luH opinion was propounded by 
lierzelius, and was also held previously by Davy 
ami alt.i'i'wards by h'araday. Ordinary electrical 
attrac-tion IxdAvtu'n charged bodies may be called 
molar cJu'mical action ; only there is no combination 
in ordinary (last's, because the opjwsing charges 
spark into one. another, and so the attraction ceases 
when a certain proxinuty is reached. This dis- 
charge a, ml eassiition of attraction does not seem to 
oce.ur among at.oms; the dillerenco of potential 
between them is too low to permit of nautual 
exchange or mmti'alisat.ion of charge, so the combi- 
nation is permamml.* 

Ileal e.hemical at t raction occurs between two atoms 
each of which contains an uid)alanc(Ml electron — one 
extra, or it may he. more t han one. extra, electron of 
giv«‘n sign. Such an atom thus has a centre of force 
whcu'cliy it. can idta<'h itself to other atoms and enter 
into pairing or chemical <‘.onibi nation with them. It 
is prolH».l)l(‘ that a ni‘gativ(', charge is an excess, and a 
posit ivt^ chargi^ a (hd'eet; and that wlien pairing 
occtirs the e.xc.css charge of one tills up tlu‘. deticicncy 
of the ut.hi'r, and compo.Hcs a complete and neutral 
moharnhs. 

Union of this kind, however, never seems quite as 
strong anil permanent as the union of the electrons in 
the atom itself: tlie nmleenle easily .separates at the 
same place again, nndt‘r the. inllncnco of decomposing 
inllmuuu'M, and tloes not. .seem able h) split up in 
other ways into «u*vv .suhstances ; except in organic 
chemistry, whi-re various modtss of split, ting up a 
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complex molecule can be brought about, and arc 
practically utilised for tbc generation of new com- 

pounds, e.?.- ch..CH,.C.H..II. 

It is probable that the same sort of thing is po.wiUe 
with simple bodies, but that the so-called “elements” 
constitute a peculiarly stable group, tlu'. ingredients of 
which so far have only partially be(m rc-assoeiated 
into isomeric or allotropic forma, and have not yet 
been detached from each other. 

When chemical combination oecura betwiicn two 
oppositely charged atoms, tluire is no <deetric dis- 
charge between them : the two atoms retain eac.h its 
own charge, and (ding together for tliat reason. 
When they are separated, each is an ion and possesses 
its appropriate charge. 

It is possible to charge an asscndihige of neutral 
molecules with an excess or with a defec;t of one or 
more electrons, by processes of ordinary ch'.etrifieation, 
such as friction ; but the attachment of t hese super- 
numerary electrons is loose — and they can he shalnm 
away by the agitation of ultra- vioh'.t light and in 
many other ways. Even splashing of wat(^r into 
spray shakes some loose, and c.an thus pert.urb an 
electroscope, although the liquid was not clinrgcid 
beforehand ; * a fact which adds to the jjrohahility 
that the water unit is a molecular aggn'gate. And 
in the case of massive atoms, of high atomic, weight, 
they occasionally appear automatie,ully to reaeli a 
condition of instability, and rearrang(^ t htmisjilve's 
in such a way as to throw off one or rnon'. elee.trons 
spontaneously, which then fly oil' tangi'utially with 
whatever orbital velocity they may have had, giving 

♦Lenard on elootrilicatiou near watorfallH. a«> alm» tliae. V'lL. 


rise to part of plu'Jioincna recently discovered under 
the nanus of ra<Uo-activit.y. But instead of suppos- 
ing tliat tlusir violence of ejce.tion is due to velocity 
previously possssased by them, it is possible to suppose 
that tlu'y are driven away by intrinsic static force, 
80 that t.lieir previous energy was potential; and 
this is lihe foini of hypothesis favoured by Lord 
Kelvin, t^iee, l^hiL for March 1902 . 

Mofvndar Forces, Cohesion. 

But ihe.re is anotlun- kind of adhesion or cohesion of 
moUandes, not eluniieal but what is called molecular. 
This occurs bt'lAvcun atoms not possessing ionic or 
c,xtra <■, barges, hut enc.h quite neutral, consisting of 
paired-off groups of eU'ctrons. At any moderate 
distixiiee the, force <»f at.(,rai*,tton between paired elec- 
trons will be ue.'ct to nothing, but at very minute 
distances it may b<‘ very giH'at ; ultimately becoming 
almost indistinguishable from chouncal combination, 
o.veept that, the (ding will be a w(‘ak cling at a 
multitmhi of points instead of an intense cling at 
only one, 

(lousider the outer surface of an atom consisting 
of a rt’guhir group of interh'aved electrons of alter- 
nately oppo.site sign. Its e(pnpotential surfaces will 
b(s dimph'il or corrugated or pimply sluu'.ts, whicdi at 
a little distunci^ away will bo almost plain; but the 
dimples will increase*, rapidly in depth and become 
like the. cover of a mattrass, wlu'.n sonu'-thing less 
than mokHudur distaiHu*' — sonu'thing approaching the 
internal electron distances apart —is reaclu'd. 

'I'wo Mmdi atoms will t herefore tend to setth*. down 
with their (upiipotentiul surfae.es adjusted into uni- 
formity, the tiiinples of the oim fitting into the hollows 


by the facts of cohesion. For a diagram nspniscuLing 
the state of things intended, see fig. 20. 

To investigate the actual law of forc-e would he 
difficult, and too many assumptions would have to be 
made for the geometrical arrangement of the. (dectrons 
in the adjacent atoms; it could only he a|)proximate, 
because we should probably, at least in the first 
instance, have to assume a sfat.ie, distril)ution. 
Nevertheless the attempt might. l>e. instrue.tive, and 
might in a developed form be suitable for an Adams 
Prize Essay. 
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Fig. 20. “-Ordinary Oohtsmon tw(» Nrutral Aiutiiii A atvi Its 

each atom supposed to oouHbt of iMterleav«»d fdiHdruip* id ingn * 

depicted in any convenient way—whlch attmet each athor i»y loaiduid 
or spare affinity. This is due to a few of lint's of fun o which sirtdidi 
across the interspace, and hold tlu' pair of aiomM ttiKidhi r The itmxi- 
mum distortional shear perudHsihle ih'pends on the ratio of tho diatiinw 
apart of tho electrons In each atom to the disUnmi aparl of the atoiiw 
themselves. 


It is quite plain, however, that the residt woidd he 
a force rapidly iiujreasiug and lie(‘oniing gi-<‘iit at 
small distances, and practuyilly nil at any penufut ihlc 
distance. 

A theory of cohesion cannot really bi^ givtui until 
the structure of an atom is bettor known, but iii 
all probability it will procet'd on Hues not wholly 
unlike the above. 

Molecular forces on this vi{«.w art^ tdeet rieal, just h.s 
much electrical as are chemical forc.tw ; but they occur 
Dctween chemically saturated moleeult-H, and arc diu^ 
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electrons on cacli otlior across molecular distances. 
It may Ix'- said to be a result of “residual affinity.”* 

Ions cannot thus combine; because if they were 
oppositely chargtul their combination would be 
chemical, and if they were similarly charged they 
wmild strongly r('{)cl caesh other. But if ions arrive 
at a nuitiillic c.lcc.trodc, or ai'c provided with other 
means of passing on tlunr free charges, they cease 
to be ions ; an<l then the diselc(itrificd atoms can and 
do coml)in<‘. moltunilarly with each other. 

It is of <u)urse possible for an ion to have more 
than one free elee-tron, forming a dyad or a triad 
radical ; and tla^ way in which a neutral group can 
nsceivti, and by rajtid re-adjustment pass on, an extra 
foreign (deet ron, reminding one of the re-adjustment 
of the films in a latluir whim one compartment bursts, 
is doubtless instnietive. 

I’he effect of electric polarisation on such a 
neutral group of eliaitrous is noteworthy. The effect 
of a (■harged body iu the. neighbourhood is at once to 
disturb the equilibrium, and to perturb the grouping 
throughiait. the atom, mure or IcSvS : it will cause the 
negative, electrons to protrude slightly on one side 
ami the |)osi!ive on the other (see tig. 21 where two 
(litfereut hut very irmnplete kinds of polarisation are 
shown). 

IftAvo moleeulcH were beyond each other’s molecular 
range, and if t he neighbouring surfaces could by any 
means 'aH by the .supply of idectricity from without 
- he tqipo.silely elect riiied, the forces of cohesion 
would he inietisiiie.d momentarily, by something akin 
to clumiteal aHinity, ami eohesion wmuld set in over 
ultra nioleeidar distatiees. This appears to be what 
iroes on in a “ euherer." ’fhe opiHisite charges 



cannot be maintained electrostatically between two 
neighbouring metallic surfaces, but t.liey (^an be 
momentarily imparted, by a sudden jerk or disruptive 
discharge or received electric impulse ; and these are 
the things which are effective in promoting cohesion. 

In the two diagrams ; — fig. 20 r('pr('sents a couple 
of atoms with interleaved electrons of opposite sign 
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Fig, 21.-~Two Fokrlsed Atom% Ulu«trafcinff 
cohesion. 

in square order, the atoms being within range of 
one another and so cohering by inolecniar or non- 
chemical forces. They have adjusted tlunn.selvc^s into 
a cohering position ; but a vcrtioil shear through half 
the distance apart of the electrons wonkl disintegrate^ 
them. An angle represented by half the electron- 
distance divided by the molecular distance, i.s therefore 
a measure of the maximum distortion a sub.stiimie can 
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Fig. 21 .sliowa a couple of atoms both electrically 
polarised, as by a p()Hitively charged rod held above 
botli. To vary the illu.stration, tlie constituents of C 
are shown polarisial into hexagonal order — an effect 
such as inigld. al.so he caused by lateral pressure 
in some c,as<‘,a ; while the constituents of D are 
depic.ted in diagonal sijuaro order — which has the 
effect of viohuit electric polarisation. In any case 
polarised atoms sucdi as 0 and D are clinging by 
forces much stronger than the force of ordinary 
cohesion at that distanc.e. They represent adjacent 
atoms of a mouu'utarily polarised coherer. 

It is not to be. supposed that the (dcctrons in a 
polarised atom need really ever he disturbed as 
much as is .shown in the diagram, nor any more 
than an almost iinpcrceptihle amount, in order to 
produce this chemical cohesion ell’ect. For that is 
what polarisation HiU'ompli.shes : it c.onverts ordinary 
molecular force, or cohesion, into incipient but real 
e.hemieal allinity ; both kinds of forces being on the 
above hypothe-sis electrically e-xplicablo. 



CHAPTER XVII. 

FURTHER CONSIDERATIONS REGARDING THE 
STRUCTURE OF AN ATOM. 

The hypothesis that has Ixuni already redhrred to, 
No. 3 in Chap. XV., tliat an atom e.onsi.st.s of a 
globular mass of positive electricity with minute 
negative electrons embedded in it — eit lun- at re,Ht, or 
vibrating about a position of Ciiuililirium, or revolving 
in regular annular orbits, — is obviously not freti from 
difficulties ; though its 8ucce.HS in e.xplaining many 
observed facts seems to justify an at.Uunpt, t.o mini- 
mise those difficulties, and to re.nder hojadid an 
effort ultimately to overcome tlumi. 

One objection that can easily be rai.se.d is to ask 
how a mass of positive electricity can hold f.t)gether 
against the mutual repulsion of its parts. This dilli - 
culty is felt more in the case of positive tde.e.tric.ity 
than in the case of negative, bi'c-ause by hypotlu'sis 
the positive charge has some perceptible, bulk, umiudy 
the size of an atom, whereas the lu^gatavc ediargcs or 
electron is exceedingly small But how<sve.r small an 
electron is, it must bo supposed to have jrarts, and 
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valid, liow do tho parla of an electron hold together ? 
But nobody .si^nns t,o ask this qucation ; and I see no 
reason why it should he asked, because there is no 
evidence tliat tlui parts of an electron are mutually 
repulsive— there is no real evidence as yet that it 
has parts at all. What W(‘, know is that different 
electrons repel each other, and are attracted by 
positive charges, but, we do not know that the parts 
of one el(H-.t,ron rc'ptil each other; in fact we know 
nothing about the parts of an electron. Tho lines 
of force, or field of fore-e, representing the activity 
of an (sh'.ct.ron, may bo entirely outside itself, and 
need not ptmetrate into its interior at all : it may 
be for idl eleet.rical purposes an indivisible unit 

But the.n, .sup [losing all this admitted for a negative 
charge, vvhy slntidd it not lie extended to cover a 
positive e.hargc also? Why should the parts of a 
positive unit be. niutunlly n'pulsive? It is no answer 
to say that, tlui unit is bigger, unless the electron is 
thought of as a geometihail point; the argument 
about [larts is just, as valid ii» tho one case as in 
the other, and no more .so. WJiat wo require is some 
conccjition as to the nal.uro of the po.sitive charge, 
—•and that 1 eoufe.ss is wanting; though “an 
entmifj/leiiu-iit <tf finite .si/.e" si-ems to Larmor quite 
po.sHible and natural ; and anyhow an argument 
against its existence basinl upon the lussumcd ropul- 
sivenesH of its part.s does not seem to be an argument 
of any weight. 

Another .sugge.stion ean he made: and that is that 
the main bulk of the atom, in which electrons are 
embedded, «'(it!si.st,s not. of positive electricity alone 
but of a chwe admixture ttr combination of positive 
and negative eleet.rieitie.s ■ in.setiarable and as it were 
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oxygen and hydrogen iuterloeked together in a gallon 
of water ; in which water a few extra atoms of oxygen 
might easily be dissolved, in a relatively free, condi- 
tion — that is to say, not forming part of the fixed 
constituent-oxygen — ^just as a few outstanding elec- 
trons may exist in tlio general mass of an atom. 

This is the hypothesis numbered 4 in that list of 
alternative schemes which was exhibited in Chap. 
XV.; and the latest results of Thomson, tlu;ro also 
mentioned, tend towards supporting it. 

If any lines of force are tlien postulated between 
the constituent positive and negative fluids inside an 
atom they would be entirely of an inttu'ual e.haracter, 
and only those belonging to some free uidialanced 
charges would emerge and produce ionic activities; 
the internal lines of force would bo wholly oecsupied 
in holding the atom together, and wouhl have no 
influence on neighbouring atoms— -not oven mole.cular 
or residual influence. The main bulk of atom in 
that case would be like a finely interleaviul condenser, 
incapable of discharge or of decomposition,— -except 
by actual disintegration such as might o<H;a8ionaliy 
accompany or cause radio-activity. 



CHAPTER XVIII. 

SUMMARY OK OTilHR CONSKQUKNCES OF ELECTRON 

THEORY. 

IiWlh-mtmfy. 

If many af oinn (tf a Hul).stauc.o hnvo clocitrons attached 
to tlunn, and if 1 hi-sn arc pcrfornung orbital revolutions, 
it is natural ask hnw tluni can it he that substances 
arc not const ant iy emitting waves and radiating away 
their energy, h'or we have seen in Chap. X. 
that (dt'etric (dinrge.H in revolution or vibration 
con.stitutc radiHt(ir.s, and nuist emit more or less 
radiation ; tlu're.hy di.ssij)ating their kinetic energy 
and gra<lually tdlhcr coming to rest or elFecting 
some other change. Fortunah'ly, owing to the 
hrilliant researches of Becquerel, Curie, and others, 
eertein HidwtaneeH have been found in whic.h the 
radiation intensity reaeluss a very pereentiblo mag- 
nitude ; and it aji[M5ara that thi.s itidiation may 
be of stweral kimls — 

Ist, of waves or pulses analogous to Rontgen 
radiation : ealhsl y rays; 



semi-atoms, consisting of sonK'.thing like 
helium apparently, lik('\vi.s<'. shot off with 
gre<at energy : called « rays ; 

4th, as a consequence of all this radiation, 
detached portions of the la'siduo of the 
substance drift away, not charged with 
electricity, but emanating sometlung after 
the fashion of an odour. I’liis gaseous 
emanation is found itself to possess a 
very high intrinsic radiating power, and 
to be capable of atta(ihing itself to, or 
causing a deposit on, otlu'.r materials in 
the neighbourhood, so that they too acquire 
temporary radiating power : a dt', posit at 
one time spoken of as induced or (ixcited 
activity.* 

The substances which possess any noteworthy 
amount of this radiating power an', substauces with 
very high atomic weight; and their (miitliug power 
would appear to he probably due to an internal 
commotion or convulsion, of suflicient violence to 
detach and expel, every now and tluui, some particle 
or fragment ; and also, by the shock of the expulsion, 
to generate some feeble but exceedingly ptmet, rating 
Rontgen rays. 


*See, for instanca, papara by tba original (liHocwarttr of H|Mmt4iiiacnw 
radio-activity, M'. iltniri licHupn^ral, in IHiHI and 

1897 ; SCO ako^ Ruthorford, P/dl. January, I Mill and I IKK), 

witb qmantitative dotonninations oonoarning it. A!w> in i*ML 
jl%., July and Novonibor, U)0S. Othnr ndnroisaiii aro M'. and 
Mme. Curie, Oomptm Mmidw, NovemlHir, 18HII ; Hon. It. J. Ht rutt, 
iM. Tram,, A 1901, vol 190, p. m; Hir W, (Imikiin, /Vor. Mmp 
Soc., vol.^60, p. 409 (1900), voL 69, p. 410 (190^), al«t» » Khairkml 
Evaporation,” 1891, Proe, vol. 50, |.i. 8H ; and many (ttlior 

wotKers. Referencea to thorn aro now convoniontly oollouUid in 
Professor Rutherford’s oxc.olhsnt timtiao. 

Madame Curie’s oriirinal Thesis on liadio-aetivitv for Imr liiMitorato. 
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It is easy to gi'ant timt, whenever there are actual 
collisions of suilic-.ient auchhumcas, some radiation must 
be emitted ; hut w(', cannot lielp asking, why does 
not the, ((uie.t. orl)it.al revolution of electrons round 
atoms, in a suhst^anco nob in a high state of 
thermal (listurl)an<;e and not ])ossesaiug specially 
massive atoms, wliy dtx's not this also give rise to 
a perceptible, amount of true radiation and loss of 
energy i! One answer that has been given is as 
follows : — 

The i-adiators are, not isolated or independent, and 
surface radiation is mainhiinod by layers at greater 
depth ii> tin' substane.e. Moreover the radiators arc 
so clos(‘ loget lu'r that t hey are in all sorts of phases 
within tin', first (piarter wave, li'iigtli, a length which 
embraces a midtif.inh' of l.ln'in; wlu'.reforc a multitude 
is a worse radiator than one, because they interfere 
and pro(lu(!(', hut- litlh'. external or distant eilect; like 
tlie two prongs of a fork, or two luuglibouring organ 
pipes, or tin' front, and hae.k of a vibrating wire. Boo 
Larmor, Hthcr page 2.‘t2 ; the proposition 

by which be. eonsub'rs tin*, tjnewtion s(',ttled is that the 
vector sum (tf neetderat ions etjunls zero. 

Of <',ourHe. it mu.st not, be forgotten that radiation 
of a low ti'inpernture order is as a matter of fact 
always going on from all suhstanccs ; that energy is 
e.onserved, and eoustatu'.y of tH'.mpcrature persists, 
merely bfscun.se 1o,hs isf'fjual to gain, because absorption 
eompen.satt's radiiifioti, not beeau.se radiation cea.scs; 
and tliat to makff an estimate of the amount of 
radiation, h(» oee.nrring, it would be necessary to 
BuppoHti t he- body in an enclosure at absolute zero ; 
when umlunbtedly its kinetic energy would rapidly 
leak awnv. and btt di.ssinated. But. this refers to 
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we are now dealing with the extraordinary variety 
known as radio-activity. 

If radiation goes on at the c.xpoiKso of the 
internal energy of an atom, as it nuist; if the, atom 
contains revolving electrons, - still more if, as on 
the electric theory of matter, it is wholly composed 
of electric charges, — it becomes nec('ssary tiO ask 
further: — ^Why are not all atoms temporary and 
unstable? Why are they not all liable to internal 
catastrophe and disruption, akin to (>,art.btjuakos and 
volcanoes? Why do they not all oxliibit the phe- 
nomena of radio-activity? 

The whole subject of radio-activity i.s a largo 
one, upon which 1 do not pro{)ose to eutiu' at any 
length here. Suffice it to realise, thaf. any difliculty 
of explanation, in connection wit.h it, is nut the fact 
itself, but ratlicr the question why it, is not more 
notorious. 

However, so far as that most striking and intere.st- 
ing phenomenon-- the excessive photographic and 
electric radio-activity of ein-hiin raia^ substances — is 
concerned, it has been already hintc<l that tlu'i grcat.cr 
part of that docs not consist so much in the emission 
of radiation proper — whether in the form of pulses of 
X-rays or any other form — as in the flinging off of 
particles; sometimes negatively (diargcd particles or 
electrons, sometimes posit.ive ions. And these ex- 
pelled particles, when they strike a pluhographie. plate, 
appear to generate by the concussion eleetrie waves 
which affect the silver salt. The faint phot,ographic 
influence of ordinary substances, observed by l)r. VV. 
H. Russell, seemed to suggest that incipiimt power of 
this kind is not limited to bodies with heavy atoms, 
like Uranium, Radium, Polonium, et<'.., as cfescribed 


allow it, to ati oxti-aovdiuiiry degree: Dr. Russell, 
however, uppeara to have traced his at first interesting 
effects to th(', nuerely cliomical action of hydrogen 
peroxide, lie has (puto recently shown that leaves 
of growing plants hav('. a spontaneous photographic 
power of the sutne kind. 

The whole suhjec.t, together with the allied one of 
the loss of ehargt'. from hot bodies,* first discovered by 
Dr. ( hithrie long ago (se<i P)dL Mag., [4], xlvi. p. 273), 
is one that demands apw‘.ial attention and treatment. 

Crookes discovered that tins alpha rays, or particles 
projected by radium, polonium, and other strongly 
radio-ac.tive. snbstc iie.es, were, able by their concussion 
with a birget esf xine'Hulphido to produce luminous 
flasheM, visible, under slight magnilication : and the 
evidence on tin' whole is in favour of the view that 
many of tin', impinging al;oma may have speed enough 
to bt>. able to e.ausc a separate flash, by its own 
individual action on the crystalline compound : a . 
phonoimmon popidarist'd in the little pocket-instru- 1 
meut called a 'spinthariscope.’ When .wc consider<( 
th(! spee*! wit h which these, particles are ejected, suoh^^ 
an idea is not. surprising, although it is novel to hav^^ 
to conttnnplate any perceptible effect produced by 
single atom. But taking those projectiles to ba^; 
ahnns of hydrogen or helium, of mass grammc4'« 
flying with say <tne.-tentli the speed of light, — tl)^. 
stoppage of one of them within molecular dimonsiori?“ 
that is within ito own thieknesa as ordinarily estimate^.- 
10 * etmtimef re, would reipiire, for au exceeding^'; 
minuto fraetkm of time, the e.xponditure of 80 horsfe; 
power. I 

fetr innlatiiM*, Hlrufl «ti li'iiktitfo from hot hwliOH, Phil. 


Solar Corona, Magyietic Storms, and Aurorce. 

Another subject on which it is toniptiug to otihu-ge 
is the explanation of various astrouonhcal and 
meteorological phenomena by the electron theory. 

The theory of Auroroo has rccotitly been (daborated 
by Arrhenius ; but the whole doe.trine of emanations 
from the sun, and of repulsion of small })arti(‘.les both 
by his light and by his probal)Io clec-trilication, is a 
matter that has been familiar to me for many years, 
through conversation with FitzGerald and others. 
See, for instance, Larmor, Phil. 'Pratis., 1894, vol. 
185, p. 813 ; Lodge on Buns|H»ts, Magnetic. Storitis, 
Comets’ Tails, Atmospheric Electricity, and Auroras, 
in the jEZccincmw for December 7, 1900, vol. 40, p. 
250; FitzGerald, Electrician, DtH'.embcr 14, 1900, 
with reference to his review of a lleavishlc volumts in 
1893 {Electrician, vol. 31, p. 390). See also Fitz- 
Gerald’s collected “Scientific Writings,” at date 1882. 

The earth is in fact a torget exjsosed t.o cathode 
rays, or rather to electrons, cmitbsd by a liot body, 
viz. the sun. The sun is evidently intcn-Hely radio- 
active : and the result of its dischargt^ of (deetrons 
into the approximate vacuuun of its immediato 
neighbourhood is not unlikely to be the appi'aranco 
known as the corona. The gradual a(!e.umulation 
of negative electricity by tlui earth is a natural 
consequence of this electron bombardment e.xttunling 
to greater distomtos across space, wJuu'o no residual 
matter exists ; and the fact that the torrent of partiedc-s 
constitutes an electric current of fair stixsngt h gives an 
easy explanation of one class of magnetic storms ; 
these storms having long been known, by the mtdhod 
of concomitant variations, to be connee.t (‘d with sun- 
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form iojiH, would also serve as centres for condensation 
of atmosplun-ic. water vapour at high altitudes, and so 
be liable to allect rainfall. Moreover, the fact that 
water vapour eoiulenses more readily on negative 
than on _ posil ivii ions, soeins to furnish us with one 
explanation of al.iuospheric electricity; for a fall of 
rain would bring down with it a negative charge, 
and would leaver the upper regions positively 
elcctrifii'd with respect to the earth’s surface: and 
this agrta^H wit h tin' known sign of the normal field, 
of electrie. force in the atmosphere. 

The.se (‘nrly piu'ceptions have been well elaborated 
of late by Arrhenius ; and his explanation of the 
aurora- Ity ineaus of the c.atc.hing and guiding of 
rapidly moving electrons by the earth’s magnetic 
lines of Ibre.e, so as t.o delh'c.t them away from the 
tropical sunshine, and to guide the.m in long spirals, 
along the lines, to the poles, — thereto reproduce the 
phenomena of the vnenum-tnhe in the rarified upper 
regions of t in* atmosplu're— is particularly definite and 
ph'asing. Some of t.lu^ ot her astronomical suggestions 
he has madt^ are like.wi.se of considerable interest. 

Ti'amfarmtUions of Uadiim, etc.. 

Tin* Ibllowing details art! given by Rutherford for 
the spontiineons 1 rnnsformalimis which radium under- 
gtH's, t.<»gether with the lifetime constfint of the 
various proibtets that is to say the time required 
for the. iietivity of thit proiluet to bill to one-half its 
valut!, - iinil also the. kind of particles or rays which 
are thrown otf. 

(lertain of thi! ehanges art! rayless changes, and 
may hit etaisiilered result in an allotropic modi- 
licatitm, without eliange. of atomic weight ; but 


weight must change, presumably by an amount 
appropriate to the loss of an atom of helium. It 
will be observed that the gamma or Rciutgon rays 
always accompany the omission of a beta particle or 
electron, and never appear otherwise ; also that it is 
only in some of the changes that electrons are thrown 
off. It will be understood that the so-called “ emana- 
tions” arc all of the nature of gas, while the other 
products are like a solid deposit or coating. Tluise 
active deposits, or “excited activitif's,” c.an be sub- 
jected to ordinary chemical tests : some of them are 
soluble in acids, some in ammonia ; some of them 
are volatile at a high temperature, sonui are not 
readily volatile, ff'hc following table contains the 
principal features of the transfonnat ions of th(» more 
remarkable radio-active substances ; for moi'ii details 
Rutherford’s book must b(j referred to. 'I’he. prmluct 
here called Radium F appears to be the same as that 
called by other observers Radio-U'llurium, or by its 
original discoverer, Mmc. Curie, Polonium : 


The substance 

has a life-constant 

it shook oft 

and ohangoa into 

Uranium 

(aay) 600 million 

ail a imrticle or 

Ur. X 


yeai's 

(?) heliutn atom 


Ur.X 

22 day» 

jiy rays 


Thorium 

24 X 10® years 

an a fmrticla 

111. X 

TLX 

4 clayn 

a particle 

Emifciiaticin 

Emanation 

54 «ecB. 

a |iarti<4o 

111. A. 

TLA 

11 hours 

no my« 

Th. B 

Tli.B 

55 minH. 

ajSy rays 


Actinium 


no rayi 

Art. X 

Act.X 




Emanation 




Act. A 









Tho nubifciuwe 

ban R Ufti-CDimlttiit 

iii shoots of! 

and changes into 

Biuliuiii 

KKX) yearn 

a particle 

Emanation 

Emanaiinu 

4 day^ 

a particle 

Iladinm A 

Kiulium A 


a particle 

Badium B 

lliidiinn I.i 

21 miriH. 

no raya 

Radinirx C 

liiiclium ( ! 

2H mina 

a/iy raya 

Iladium D 

lindium I) 

40 ymv^ 

no rays 

liadiiim E 

lliwliuiu I'< 

0 dayn 

jiy raya 

Radium F 

Ikdiuin F 

1 4»*l daya 

a particle 

ToBsibly Lead 


ICmanatiom. 

Tlu‘. jliHcuvcry <»f thorium niid radium cmauations 
was made !iy lluthcrfdrd aud Dorn respectively in 
conaomn'ne.e oF an ohstu-vatiou of Owens on the 
irregularity of thorium rays in producing ionisation, 
the fact, being that any of these materials are more 
active when the emanation has l)con allowed to 
aceimmlat«* than soon after it has been removed. 
For the emanation, although so infinitesimal in 
(juantity, is considernt dy more active than the sub- 
stance itself; and, being a gas, it can readily be 
drawn awiiy or ot herwi.sc e.’cpclled from the pores or 
neighbourhood of tlie salt, lint it accumulates again, 
being e.videiilly generated in .Hdii, and presently the 
full ae.tivity of the sub.stanc© is restored. Radium 
emanation is nlumn hy lltithcrford and Soddy to 
Ihpiefy at a temperature of al)ont 150 degrees l)elow 
zero : thorium euuuiation li(jmdi(!S at about — 120“ C. 
They appear to he (juite definite, though transitory 
and very nnshible and disintograting, materials. 

/le/h'.rhm of Alpha rmjs. 

When idohn ravs arc suhinitted to a strong 


X i JU iJKJ * 


slightly, in a direction indicating that they lire. [XiHi- 
ti’^ly charged particles. Rutherford and Bec(iut‘rel 
have both observed this fac.t, and Strutt has coidiniKHl 
the fact of positive charge. But (luite recently* 
Soddy has surmised that this po.sitivt'. i‘hnrg<' iniglit 
be acquired by ionisation in travelling through the, 
air, and that in a high enough vacuum no defhixion 
would be observed; thereby showing that, intrinsi- 
cally they did not possess a charge, lie bidieves 
himself to have confirmed this by eandiil tlnnigh 
difficult experiment. So important., and in some 
respects improbable, a conclusion, lu>W(^vt*r, cannot 
yet be regarded as at Jill (‘.erfcain. 

Rutherford was the first to ol)stn’ve the fact ami 
the sign of the magnetic detlmxion or <'urvature of 
alpha rays, and to make an estimate of its amount. 
He invented the device of sending them t hrough a 
magnetic field, up a stream of raritit'd hy<trttgen, 
between a set of narrow plates s('.t t'dgevvnys ; which 
latter constituted a grid that would bt* opaipm 
unless the trajectories of the Hying particles were 
rigorously straight. He thus nuuhi t lic tti.se.overy that 
the rays consisted of pewitivedy charged particles, ami 
arrived at a rough cstimato of their atomic, weight. 

Becquerel measured the magnetic delh'xion of 
alpha rays, at dificrent distances from tlm stiurc.e, 
by letting them graze a photographic, plate at a 
known angle. The actual trace observed v\‘ns a 
short slant line with a slight curvature ; rever.sjd of 
the field slanted the line tlic other way, thus giving 
a resultant impression like the convcnt.ional two wingii 
of a flying bird drawn at a very aemte angle. Htdtst;- 
quent measurement of the diatonco apart of dillercut 
positions of the two wings gave the dat^i sought. 


Rutlicrfonl has (‘.xaiuinoid the deflexion of alpha 
particvhtH (V(»m radium iu a (iaroful maimer. Previous 
experiau‘,nt.H, .such ns hi.s own and those of Bocquerel 
and Des (duudrc.s, wiuas made on a thick layer of 
radium ; hut. under tlnwe eircumstnncc.s the particles 
are prctject.tul with a <-,onHiderahIc range of velocity. 
To obtain homoge.tu'ous radiation it is necessary to 
u.se a very thin layer; and Rutherford employed 
for thi.H purpo.He the product Radium 0 , — namely, 
part tif tlie a<'.tive depo.sit which appears on a fine 
wins t‘.x|)o.sed for some hours to radium emanation. 
This i.s a (Ifpo.sit, of ut.terly iinporcoptible thickness, 
undetectahle hy any uieaim save radio-activity; and 
it f.on.si.st.H «tf lladimu A, B, and C. The activity of 
Radium A disappt‘ar.s in about a quarter of an hour; 
Ra<lium B emitH no ray.s ; ho Ihulium 0 alone is left 
active, and it cm its only alpha rays. It is true it 
dies away iu about a f.ouj)Ie of hours, but there is 
tiuu^ enough for an c.Kpcrimeat. The method em- 
phtyctl i.s like this: 

Rays from the wire pa.ss through a narrow slit, and 
then on to a plmtogmuhic plate in a vacuum; a 
uniform magnetic lielu is applied in a direction 
paralbd to tin* slit, so as to curve the rays; this field 
is rtn’crsed every ten minutes, .so that on developing 
the plate two narrow paralhd line.s are. observed, the 
dishinec* between which represents twice the de- 
tlexUm ; their .sharpne.ss show's that the rays were 
homogeneous. 'I’lu' path eorrcHpfUHling to a magnetic 
field of units had a radius of curvature 

wpiul tit -Id eenliiuel res. 

Kleetrit: deflexitin was not. then applied; hut, 
estimatiie* the nnmher of partiele.s expelled from the 
Radium i' a.s t>‘2 x lU'** ner second, and the heating 
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turbed by the neighbourhood of radium, to the 
rent of emitting luminous radiation without eleva- 
a of temperature. The spontaneous radium -glow 
in fact, probably due to its influence on other 
istances ; and ordinary glass, exposed to it, darkens 
1 becomes thermo-luminescent, — that is to say, it 
;ins to emit light when raised to a temperature 
about 500 degrees. 

M. Eugbne N^culcea gives the following table of 
photographic spectrum of the radium spark, as 
erved by M. Demargay, the wave lengths being 
en in “ tenth-metres.” In the visible spectrum, 
tch is not photographed, there is only one notable 
, of wave-length 5665. For other observations, 
Eunge, Astrophysical Journal, 1900, p. 1, 


Wave-length. 

Intensity. 

Wave-length. 

Intensity. 


r4826-3 

10 


[■4600-3 

3 


4726-9 

5 

Violet - 

4533-5 

9 

Blue- 

4699-8 

3 


4436-1 

8 

4692-1 

7 


[4340-6 

12 


4683-0 

14 

Ultra-violet - 

3814-7 

16 


,4641-9 

4 

1 

[3649-6 

12 


?he detection of radium by the spectroscope, 
)ugh its strongest line, 3814‘7, though it may be 
lethod perhaps a million times more sensitive than 
inary chemical analysis, has been shown to be a 
lion times less sensitive than a method of detec- 
i by means of an electroscope, utilising the 
raordinary ionising power of its radio-activity. 

Eutherford reckons that each a particle expelled 
a radium is able to generate some hundred thou- 
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immense initial velocity foils below a co.rtain critical 
speed at whicb ionisation ceases to be caused. A 
charged electroscope of proper sensitiveness is able 
to indicate by its leak the presence of this number of 
ions, and accordingly is able to sigtial tbc prtjscnco 
of only one a particle. But the number of such 
particles expelled by a milligramuui of fully active 
radium is estimated as a Imntlred million every 
second. 


Electric ProductiM. 

The power of radium constontly to diwelop elec- 
tricity was first demonstrated by W. Wien, by 
suspending a tube in a vacuum. Dorn observed that 
sometimes sparks were obtained on opening a tube 
containing radium. Strutt contrived an ingenious 
device for displaying this constant pro«l action of 
electricity by reason of the very dilferent. piuujtrating 
power of the -f a and the — /S particles, so that one 
set can be trapped while the other set es(ai.pes. 

Fig. 22 shows Strutt’s apparatus and “ j)eri)e.tuar’ 
— more accurately, perennial — elee-tric generator and 
source of mechanical eruu-gy. A small tula^ contain- 
ing radium salt, with its outside madts suflic.icmtly 
conducting, has a pair of gold or aluminiiun leaves 
attached to it, and is insulated in a ve,ry high 
vacuum by a quartz rod ; a mebtllie strip, lining 
the vacuum case, being cmmected to earth. ^I'he 
radium fires off positive atid negative particles in 
equal quantities; but the mgative, being small and 
penetrating, arc many of them able to estsape, while 
the positive accumulate and thus ketsp on slowly 
charging the gold leaves with positive okustrieity till 
they periodically overflow. Tho high vaemum is 


bocoiniiig (ionductdrig, by ionisatiou from the shock 
of th(>. Hying piirtiflca, and ns a consequence pre- 
venting the. golil leaves from becoming charged. 

Hiulio-actmty of Ordinarif Materials. 

Evtm in the, alwenee of radium, a charged electro- 
scope i.s u.Hually found to leak rather more than any 
creeping along the .supports can account for; this 
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leakage must las tine t«» ionmtion of the atmosphere, 
and a eonsequent kind of gn.s«'on8 electrolysis in the 
air. 'I’lie itnii.salion i.s partly due to stray radiation 
from ontshle., but. some, of it may he, due to the 
ratlio iietivity of materials with which the interior 
of the eleelroHcope can he lined. Definito experi- 
ment.s of this kind have been made by MvLennan and 
Burton <if 'rorotilit. and by Sti'Ult, also by A. Wood, 
llutlu'rford and (looke. When t-vliiulens of zinc. 




certain leakage was observed, but this was reduced 
some thirty per cent, when tbe whole was plunged 
into a tank of watex so as to screen the interior 
from outside radiation. 

Eutherford and Cooke surrounded tlu', olectroscopo 
with thick screens of various kinds, and once with 
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Th© vital partH with feUo golA lc»af» aro ^howii mi a Iftrffur iciilo m 

%. 24 . They aro oontahiod in a inotal oaMis with a noivahlo wire liy 
wiiioli they may be olmrgeul frtnn outMitlo. Hhi iiwtrviniimt l« read by a 
reading mieroEOopo H ; an ordiuiu'v miilimetw itmlo tmlng filEOed In a 
conjugate focu« and projoot^ul by the km« B cm to the piano of obttorm* 
tion whore th© gold leaf in. Tlio racUmaofcivt iml«titnoei4 aro pr«i«tj|tid 
to the box outside a window of very thin aluminium foil. 

as much as five tons of le<id. A moderate amount 
of screen, however, was found to produce, the aimo 
effect as a greater amount, showing that the iidlueneo 
of the outside penetrating-radiation (•.mdd be (slw'c.ked 
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leakaffo tlui n'luainin*? Hcvonty per cent, seemed due 
to iiit.enml I’iulio-nctivit.y. Matiuials such as brick 
seem specially i-adio-ae.tivo, and any metals which 
have Uetoi exposed 1.0 the outside atmosphere are 
more, radio-acd.iv(>, t.haii virpjin metal. 

But, in addition to this induced or excited activity, 
Strutt and otluu-s trieil a oood many materials and 
found diU'erent eharae.lfristic cHects with each. 



Bl 
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rm\ All wiili ihi’ limf O is wmi'iitinl w» a tliiu rtMl of molted 
i|trfirti I > li,v tiiraiiM of a drofi of miiwtio or gutta|H'rolui lit the hottom of a 
iiiiimti* triefallle r»|tP«slo H atfiwdiod to tho r«Hi All; t.ht*rehy leMimiiig 
ito.v of f lio eliiirgo Ui oroop, atol keejnoK the mjmoity axoeediogly 
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The (jnestion of whether radiation is emitted 
spontaneously by jneOils of every kind, and not only 
by those few sulwlaiuma wliieli arc conspicuously 
mdioae.tive, has been still further examineil by Mr. 
Norman U. < 'amphell of Trinity College, Cambridge 
{FhU. Mtiij., Kell. 7. 1 *.»«>(;). 1 1’e adduces very strong 

ex{K!rim«iital proof t hat sueh radiating power actually 
exists, .siiu'i' they all ionizi* thi' air in their neigh- 
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characteristic or specific quality in tlu‘. rmlio-activity 
of the different substances: a result tend tug to nt'gti- 
tive the idea that it is due to soiiie residutil oilee.t 
of a common itnpurity, such jih tut <>X(>('SHively 
minute trace of radium common to tdl metals; 
the indication is rather in favour of a spetulic 
radio-activity belonging to eadi metal, not due. to 
any impurity. 

It is not yetabsolutely proved that this is ideut ietil 
with orthodox radio-aetivity, of the l<iud which is 
accompanied by atomic change, or (.rausformatiou of 
substance; but, inasmuch as the rays apiiear to consist 
to a great extent of alpha-rays, t here is u<tt. much 
doubt but that the completo identity of tin’ proem 
will be established before long. 


Population A nal ( njy. 

Since radio-activity is a sign of and is accompanied 
by, disintegration and loss of material, it. is manifest 
that substances of exceedingly high radio-activity 
must be comparatively sc^ircc. Ordinary pm-inamuit 
materials cannot be violently radi(t aetivc, tlniugh 
each gramme of them might Ittso a lew t housands of 
atoms per second without any [wohahility of our 
being able to detect the loss by wtughing not evt^n 
by weighings continued thnmgh a century. The 
plentifulness of a substance must thqiend on its raU* 
of production, its life time, and its rate of rle.eay ; just 
as the population of a circumscrihed area is dt'tiu’- 
mined by the birth rate, death rate, ami averagi! age. 



ClIArTKR XIX. 

KAniA'riON Kl;<lM a IUN(i OK KhKC'rUONS, AND ITS 
BEAUIN(! ON THE CONSTITUTION OF AN ATOM. 

Ai/i'iiouuii t h«‘ nidiitting power of a aiiiglo vibrating 
or rovolviiig (‘Itu-tron is consitlorablu, even when the 
spe(‘cl is not, (•xi'o.ssivoly high, it, must be observed 
that, the antoutit. of radiation omitted is greatly 
dindtii.slied when a seeond symmetrieally situated 
partie.le i.s int-rodtie.ed ; heeausi*, at a disbuico, it will 
1)0 virtiudly in opposite pha.se. to the first. The 
diminution is spis-inlly nuirked when the speed is 
low. In ofiler to assist, the radiation, the second 
eloe.tron iit, the oppewito end of a diameter should 
he of ojipositf sign to the first. 

'i’liree similar elcef-rons at the eorners of an equi- 
latiTal triangle, will rndiaU) much less than two; and 
80 with (‘Very adtiilion to a symmetrical sy.stcm of 
rotating [lartiide.s, the radiiiting power diminishes; 
until when they form a eontinuou.H ring there is off 
conrse no radiation emitted at all, since everything 
i.s tin'll font imion.s. 

!>.... !■ I I 't't,... i. 










speed of light, two electrons at opposite, ends of a 
diameter radiate about oiio-tentli as much as (‘.ithet 
alone; four elcetrona at tlu*. coniei's of a stjuare, 
likewise rotating with ou<‘-teui.h of f-lu>. vi'loc.ity of 
light in its own plane, will have a radiating power 
of about one six-thousandth of that of one of them. 

But if the velocity of the particles is only one- 
hundredth that of light —as must oftim, jterhaps 
usually, be the case among (ionstit.mmt (doctrous 
in an atom,— then a pair would radiate only 
one-thousandth as nmc.h as om;. three, the 

radiating power is diminished to about, one, two- 
milbonth; and for six, to something gcU.ting on 
for a trillionth, — whie.h prae.tically nutans no radiat- 
ing power at all. 

The actual numbers, and the eahmlation, (san he 
found in the Fhikmphic.al Mtujaz'me, for DtummlKW 
1903, p. 681. 

All this depends on the ele.e.trons being .sym- 
metrically situated round the centre <if roUition ; 
but if by any cause — such iW an utoiuie. clash or 
chemical collision — they arc disphuaul from sym- 
metry, then their centre of gravity will rotate 
round the original centre, ami will act as a sitiglo 
electron, or rather as an electron of multijde mass 
and constitution. The oonstituent partieliw will now 
not compensate each other at all, so far a.H this 
excentrio motion is eoncerned. Ae-cordingly the 
radiation instantly becomes violent, and must bo 
regarded as the sourcio of the visible spe<d.mm: the 
nature of the lines depending on the structure of 
the composite body, which, by reason of tem])orary 
displacement, now acts as a single radiator of great 
power. In this way it is possible, to cotuicivt^ of tlie 
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ti8 bciiijf (U‘U-nnined l)y tho character of the composite 
radiator; while. tJio ()(‘.fiirri‘ii(*.o of the radiation itself is 
limitcxl to t.h('. periodn during which the displacement 
by chctui<-al c.laHh or collisioiii continues effective: a 
ptiriod in taicli iudiv'hhial wise probably very short, 
but rapidly n'lm.wed in the aggregate by the com- 
bination or eoUision of other molecules. 

Radiation due t.o high temperature may l)e caused 
in a aoimavlint. similarly aeeidental and viohuit fashion, 
not occurring at all appreeiahly during tho intervals 
of peace or regular motion. 


ImtahUitij of an Atmn. 

The principle on which iiistahility of an atom is 
tf) be ejciieiind, oii the. electrical thcauy, at certain 
critical points in its hist,ory, may, according to 
.1. .1. 'riioniHon, (Ij'peiul upon the fact that a rotat- 
ing ring of electrons is only stable so long as tbeir 
angidar velocity e.xeeeds a eurtiiin critical value. 
Three ehs'f rons indeed are stable even when sbitionary, 
though they bcemue more stable hy rotation; but 
four corpu.seles in one plane, at the corners of a 
aciuare, are. not stalile unless they arc rotating with an 

// NcH 

augidar velocity greater than or ‘57^0 

as it is eallisl in tin: next ehajdcr. Whenever their 
spetal falls lielow that value, thi'.y adjust themselves 
at the. eorners of a t.e.Lmhetiron or triangular pyra- 
mid,- -tmuhling over into the new position with a 
rapid collapse, amdogttus to the tumbling over of 
a U»|> when its rati* of spin has fallen below a 
corriiin mitieal value. 

Witli a greatiT raU'* of rotation, five corpuscles in 






stability is impossible at any speed, so long as there 
are only six present; Imt if one of the six, or if a 
seventh, be placed as a centre to the ring, then they 
become stable again ; and at a proper sptied there can 
now he seven or even eigh t corpuse-h's in a ring, but not 
more, unless more corpuscles bo plaeetl iiv tlie centre. 
Suppose, for instance, that three, be put in the centre : 
they will there form a triangle, and round them there 
may be a ring of as many as ten otlunu But to get 
a stable ring of twelve corpust‘,le.s, you must have 
seven inside altogether ; of which si.x or five <*,an bo in 
another ring, with one or two at tins eent rt^ of that. 
By this means a large number of eorpu.scltvs, all in 
rapid rotation, can be arrangtul in a .siwios of rings ; 
but if the speed of at\y ring falls htdow a cerUiin 
critical value it lHM‘.onH'.s unstable, ant] then there 
has to be a readjustment of f,orpu.seles into another 
pattern, which must give rise to a suddi'U con- 
vulsion in the hypothetical sfruettmt ol' tint atom. 
This readjustment involves a deerttase of ptdeutial 
energy and consctpient incrt'use of kinctie eiu'.rgy, 
and hence might result in the expulsitut of some 
corpuscles. 

Note that such a convulsion, on this theory, must 
undoubtedly occur from time to time, tliough it. may 
be a rare occurrence in the life of any one atom; 
because revolving c.hargcs of electricity mua'ssjirily 
radiate energy to some extent—thongh msually to a 
very small extent,- — and aceorditigly their speed Jimst 
gradually bo reduced, until .sooner or later it arrives at 
the critical value at whi(‘,h a convulsion must (X’cur. 
The convulsion is followed by readjustimmt into 
another pattern, and cons(Hpumt transmutation into 
another element, or at least into an alhttropic form 
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attraction, is not a function of the speed, or, in ao 
far as it is a func.tion of the spc'od, it is u fuiie-tion 
which diminishes as the speed iucrenses.^ Aceortiingly 
there must come a time when tin*, elect lie, al attraction 
is incompetent to hold in the revolving mass, wliich 
then begins to strain itself a little further otf, with 
the velocity now acquired ; but, by so <loing, it still 
further diminishes the force whieh^ holds it in, 
without diminishing the centrifugal force it is itself 
exerting; and accordingly there is no longt'r (‘qui- 
librium. The equilibriutti at the point of greatest 
proximity is in fact unstable, and h(» tht‘. partieie itself 
flies off tangentially with the. speed which it had then 
acquired, thus beginning a radio-activity of a fresh 

kind — radio-activity dise-overed by 11 •••qnere.l- -the 

emission of violently flying ehat,ronH or lie t,ji- rays. 

The whole conatitul.ion of the atom may he nj)set 
by losses of this kind, and a rearrangement of its 
substance appears oce-asionnlly to faicur, with the 
flinging away of some portion as a tnalc'rial pro- 
jectile ; these particles thus tlmown off constituting 
the observed Alpha-rays. Sometimes electrons are 
thrown oft’ too. 

The sudden ejection of an elect ron, like, the sudden 
stoppage of one, is well csalculated t<> e.xe.itc' those 
vibrations in the etlun- discsovercul by Rcintgeu — 
known in the case of spontaneous radio-activity os 
Gamma-rays. 

Electric Thcorij of Matter. 

A scheme or model for the consl.rutticm of atoms 
of different sorts of elemouhiry substane.es, by means 
of groups of electrons revolving in plane orbite round 
a centre according to the law of dirocct di.stance,— 
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and c'.lu'inu'Jil propt’rtif.s of sucdi substances, and the 
deduction oF a series or family likeness akin to 
Mendclcyeff’s sm-ies on this hypothetical constitution, 
— is to !»' found workiul out in a masterly manner 
by P ndessor .1. «I. 'I'hoinson in the Philosophical 
M<«jazin(' for March, 11)04. 

If at the pri'scmt. t ium t here, were other confirmatory 
ovidmie.e of t his moile of regarding the atom — if it 
were possible to understand what is meant by positive 
electricity exist ing as a pi'rmeable sphere with a large 
number <tf elee.t rons .sown in ih it would be proper to 
give a furt her aee-ouut. of t his remarkable and attractive 
tlu’ory : but. iimsnmeh as the light which has quite 
recently fallen upon the whoh^ snhjee.t is of a flicker- 
ing and nndi'cideil nature, tending somewhat in the 
direction of cotiftision and nneertainty rather than con- 
firmation of this promising hut still necessarily vague 
hypothesi.H see Chaps. .XVh and XVfl. and Chap. 
XX.- -1 think it better to leave its further discussion 
and ilevelopnumt \io a future time, and meanwhile 
await furthiT fheonUiiud and experimental evidence. 
For it is neither theory alone nor experiment alone 
which i-an be of service in this matter: progress 
must be achit-ved by a (‘.ombination of the two, 
widdetl together by genius; and it is just this 
eomliination of theory am! experiment — ingenious 
expi'ritnent eumbined with ailvaneed mathematical 
theory to which of late yiairs all the finest advances 
in physical scieuce have been due. 



CHAPTER XX. 


DIFFICULTIES CONNECTED WITH THE KI.KCTBIC 
THEOIiY OF MATTER. 

1. Concerning the fonnation of SiK’ct'nfm Imen. 

Lord Raylmigh has poiiiN'd out., in the. PhiL Mag. 
for January, 1906, that if the. raiiiatioti from atoms is 
due to shock and recovery, the sm-ie.H of vlhraticms 
that would be obtained would show a simph^ relation 
between the squares of tlie (VeiimmeieH, as i.s the case 
with plates and bells and other dislurhed (*,lH.Htic 
vibrators, and not between tlie simple fiHapmncicH 
themselves ; whereas the spectrum ohst*rvntions of 
Rydberg, and of Kay.ser and Uuiige., show that 
simple expressions for th(^ first poivcr of the 
frequency, and constant ditVere,nce,8 of fretimuicy 
among a scries of linos, are really applicable to 
the facts. 

Waves of this observed kind would Im( emitted by 
electrons which radiate by reiuson of thcur uniier- 
turbcd orbital motion, or other regular eoueumitant 
of the constitution of the atom, but would nt>t be 
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the auj^ulur vekieity aiuj of the number of corpuscles 
iu tlie riiijf, ns well as of other constants. 

(Thus, for in.stanc,o - according to the paper men- 
tioned ticar the. t*nd of last chapter-- the frequencies 
of emi.s.><ion possible U) two rotating corpuscles — 
each of ums.H m and (■.harg<i e, rotating with angular 
vehxiity <" inside a spherical mass of positive charge 
Nc and radius h -will he the following si.K values, 
corrcsitoudiug t.tt t heir si.v degrees of fnavlom : — 

O, «\ f, c-o), c J{:U''^ + <,r), 
whert^ we hav<^ written Hc^/khiIi^ m c\ 

The fnapieiieies e and w lielong to vibrations 
perpendic.nlar to the plane of the orbit : the others 
are in that plane. 

It may he noteil that, on the hyfiotluisia of uniform 
di.Htrihntion of positive <‘.h‘etricity of density p 
throughout the sphere, the. meaning of Nc/// is Itt/j; 
and that, is the ratio of thi.s quantity to the elcctro- 
chemieal equivalent of an electron, in eleotrostatic 
measure. The uumerieal vahui of v/JN is approxi- 
mately 10'", Ki> that <* eorres()onds to high ultra-violet 
rudiatitm. 

For three eiu-pu.selisH there should bo nine degrees 
of freedom ; .six in t he plane, and three perpendicular 
tlmrelo. The eoi respmiding fnapieneies are 

t K I, e, <.< 1 r, .y{;h’''' + «>'■'), w ± J { «*)}. 

Wlu'U t here i.s no rotation, in wieh of the two cases 
con.shh'red, thr«’e of the frtajueiuiies heeomo equal, 
and two Viutidi.) 

Ordinarily, hmvever, the coiiHtitntional radiation is 
exe.e.s.Hively weak, harely p»*reeptihle ; and it is known 
that the t•ndiJltio^l which emits light and produces a 
.Hueelrnm i.H the rc'sult of violence and chemical clash 


to bring it out. But then anyt hing in tho. nature of 
collision would give a series of vibrations ehai'ac.terised 
by the square of the frecpieney. lienee thiu'e is a 
difficulty. 

The difficulty seems to bo capable of bt'ing over- 
come by the suggo-stion—alnauly made on page 182 
— that during tho chenvi(>.al eollisi<in in t[in^.stion, 
the perturbation is of the nature, of a disturbance 
of the centre of gravity of a nn-olving system. 
Such an eccentricity, or any otlu'r destruetiun of 
symmetry, would at once develop .strong radiating 
power; but it might novertlielesH mave. the harmonic 
constituents, and peculiarities of the radiation, to he 
governed by the .simple frexpu'iie.y law appropriate 
to tbe revolving coustitue.ntM, rather than to tho 
squared frequency law appropriate to tlndr elastic 
recovery from vibration. In other word.s, the /dei 
of considerable radiation would he <lue Uj the 
collision, but the hind of radiation e.mitted would bo 
due to tbe previously existing constitution, upon 
which the disturbance had now f.oiiferred l.empt)rary 
radiating power of considorable magnitmhs — tem- 
porary, because the radiation it.s(‘lf niu.st. speedily 
exhaust the energy of the disturbane.o amt soon 
restore the pristine condition. 

It may seem an open (luestion whether a disfurbimee 
of centre of gravity wouhl allow tpiltd. revolution to 
continue as before, or whether it wotdd not [n'eeipitate 
a catastrophe. Simple inechanusal eon.sidtu'ationH sliow, 
however {Phil. Ma<j., March, 11)04, p. 2(t4), that 
when the law of for(‘.e is the (lirwst (ii.Htanee, as it is 
inside tho hypotluitie-al sphere of po.sitive ele<driiht.y, 
no such calamity is to be expecsted ; but that, on t he 
contrary, a triangle or other group of e.ttiqmseles, no 
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not displaced so as reach the boundary of the 
eiudosing sphere.— will continuo to rotate round their 
cotmuou cent re of gravity in the same relative position 
as before.; whih^ this will revolve, on its own account, 
round the. cunitn'. of the enclosing sphere. Such a 
displacial group being virtually a solitary though 
compound cor(iuse.le—will now be endowed with great 
radiating power. 

On the fairly verified liypothosis that the mass 
of a corpuscle i.s wholly elec.trical, it is of interest 
to interpret the <'on.stant c further; it has dimensions 
of a fnsjnency ; for 
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Taking 0 as of atomic and a as of electronic 
dimen.sions, thi.s hee(uneK nnnuTically 


C S3 


H X fO'" 
10 * 


.,/(NxI0-) 


10"’y(N) per second. 


where, sinee N*' iin'a.sur«‘s llus positive charge, N is 
praetieally (he (otnl number of corpiiseles ciontjuned 
in the atom : not the inunher contained in any one 
ring *>f it- 

A compound satellite will rotate round the centre 
of hiree. with the same angular velocity as if it were 
simple, fur it.n uui.hs nml clinrgo are increased in the 
same pritjMUtiou : there in no eoncentration of the 
charges into a single point, as would be required 


A paper by Prof. Jeans, now of I’rhiccton, N.J,, in 
continuation of tbe discussion raised by Lord llayle.igb, 
is to be found in the Philofio/iliical Alcfc/aiine for 
April, 1906; also another paper in Novoinlter, 1901. 

2. Attempt to determine, the nnnihrr of effective 
corpmclea in an Atom. 

It is premature to do more than britdly reft'r to the 
remarkable attempt made by Profe.ssor .1. .1. 'I’hoin.son, 
in the Philosophical Magazine for .hi no, IbtXJ, t,o 
bring forward three lines of argument, which tend tt) 
show, on experimontnl grounds, tbat t he. nund)er of 
electrons in an atom is comparable, with it.s atomie, 
weight, reckoning hydrogen as unity. It seems an 
improbable result ; but tlie only way to gtd. round it 
is either to question the validily of the experiments 
and the theory applied to tlu>m, or el.st* to realise t hat 
what is being measured is, not the. total number of 
electrons, but the number of free or avaihdile t»r 
peculiarly constituted elee.tnms. (Jf. p. lf>2. 

One of the arguments may be simpliiied h.s follows ; 

If the atom is com|)ose.(l of positiva*. and iu*gat.iv4‘. 
electricities, these constituent charges will tend to Ih> 
separated, against their mutual att.metion, when sub- 
jected to an external electric lield sutdi for inst.ancc 
as the field existing in a wav<'. of light ; ami since 
a light- wave is largo compared with an nUun, there 
will be time for a certain amount of this separation 
to be eftected by each pulse. Accordingly the w'avc 
will bo as it were “ loaded ’’ ly the elect ric-, e.hni'ge.H, 
its velocity of propagation will l)e. redue-ed, ami 
refraction will occur. 

But the amount of loading, that is, t he, nnumnt of 
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olcctriciiioH, will d(',p«‘.u(i on their masses; and if the 
mass of (iither t,lm positive or t,ho negative electricity 
wore zero or v(‘.ry small, it would be shifted completely, 
howevtvr short the time, _ Accordingly a short wave 
would then i)e ret,ar<h>d just as much as a long one, 
—that is to say, theiv. would be no dismimination of 
waves, and t liei-efore no disjjersion. The amount of 
dispersion actually e.xperienced will therefore furnish 
a measure of t lui relative inertia of the two kinds of 
olec.trieity in an atom. 

I’he oidy substance tt) which this theory of refraction 
atid dispt'rsitm can a[iply, will be one wlioso atoms act 
iiuUviilually or itk isolated manner; that is to say, they 
must bt^ gases, the. mons perfect the betUsr. Now the 
dispersive power of’ hydrogen has been measured, and 
is not zero; conscipnmtly timre must bo some mass 
botli in tin* positives and in the negative eleotricity 
whieh hypothetically eonstif-nte an atom of hydrogen, 
and the measured amount of dispersion will enable us 
roughly to my what the smalhir mass may be. The 
result is. that, if M is th(‘. aggregate mass of the 
e,arriers (tf positive electricity, aud nm the mass of 
the enrriei'M of negative eh'etricity, n being their 
nmnbt'r so that I tie mass of the whole atom is 
M+mn "Ave get., with the, aid of Ketteler’s measure- 
ments for the refraelive. index of liydrogen for light 
of tlilferent wave lengtluH, 

. I j I approximately. 

M + n m 11 ' ‘ '' 

This shows t hat for a hydrogen atom n i.s approxi- 
mately I (am! it has to be a whole number) ; and it 
also shows that M is Jiot .small emnpared with nm ; in 
fact tluit it is mueh bimfer. wliieh is an unexpected 
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The other lines of exporimcntol argnmont seem to 
be confirmatory. The second one deduces, fronx the 
energy of the Rontgen radiation wliic.h is scattered by 
gases, as measured by Barkla of Liverpool, that mole- 
cules of air each contain approximately 25 or 28 
corpuscles ; which agiiiu corrc.Hpuuds to the molecular 
weight of the chief ingredient. 

The third argument is baai'd on the ah.Horption of 
beta rays by metals ; wherefroni it is deduced that 
the number of corpuscles lialxle to be (‘ucountcrod in 
each atom is nearly equal to the (ionvcntioual atomic 
weight of the metal on the hydrogen aculc. 

This remarkable paper is the mewt serious blow yet 
dealt at the electric theory of matter, at hsast in its 
simpler and cruder form; but modes of getting round 
it are fore-shadowed in Chaja. XV. and XVIL 



CHAPTER XXL 


VALIDITY OF OLD VIEWB OF ELEOTEIOAL 
I’UKNOMMA. 

Now tiiati Mui <i(H;lriiu! of electricity (at least of 
nogiitive elect rieity) as l<K'at<>(i in Hiiiall charges or 
charged liodieH ia tleliidUdy aeccpttMl, and now that a 
current can he treatejl as the locomotion of actual 
electricity, it. may .seem as if some doubt were thrown 
u|Mtn the dm't iiiie, u hteh a little time ago was spoken 
of aa a “ niodcTii view," tliat the energy of an electric 
current residcH in the H[tae,c round a conductor. 
There is no ineomiisteney, however. The whole of the 
fields of an ideetron Hr«» out-nide itself; it is in its 
fields iiiat its energy reskles, and it is in the space 
round it that, energy is eonveyed wlusn it moves ; for 
the ether in that sjume is std)jee.t h) the co-exiatcnco 
of an eleetrie, anti a magnetic field. So, also, its 
inertia reNities in sjtuee round it, for it is accounted 
for by the react ion e.'{|M*rie,ne«Ml when ita magnetic field 
changcH, that is, when its motifui is accelerated. 

In dealing with the inertia of innttor it is commonly 

filiiiiMiMiiil f.liiit. in ihft rnattni* itsnlf ! 


Is there no inconsistency here ? 

The appearance of inconsistency vaninhea when we 
come to calculate and realise how extrenu'ly lo(5al and 
concentrated the intense part of the hold of an ohuitron 
is. There is a sense in which it can Imj said that a 
moving body, for instance a vortex ring, disturbs the 
whole atmosphere; but any perce[)tihlo. disturbance 
resides very near the ring. So it is with an electron. 
The magnetic field falls off invisrsely as the scpiare of 
the distance from the moving nuehnm; hence at a 
distance far less than a niicrt)-tnillimetre, le.sa even 
than the size of an atnm, it is (juite inappreciable. 
The whole magnetic hehl on which its inertia depends 
lies practically very close to the elwd ron itself ; it is 
just its extremely small size tliat enables this concen- 
tration to be possible, and even in a ehisidy j)a(!kod 
mercury atom there is practically no eiK-njachment of 
the field of one electron on its neighbour's. 'I'hey are 
all independent, e«ich with its own iiu^rtia, almost 
isolated from the others: for if it were not so, the 
mass of a body in close chemical cotnhination would 
not continue constant, but would dimiui.Hh. Whether 
it does diminish, in the Iciust degree, is a {|ue,stion 
perhaps worthy of attack.* Mijiuto effects in this 
direction have been announced, by I leydweiler and by 
Landolt ; but the results are doimtful. 

The momentum of a moving charge at ortliuary 
speeds is simply inversely as tlic radius of the sphere 
which holds it, as stated in Chap. IL, but the 
localisation of this momentum, which is tlie p»»int we 
are now considering, may be rcjilised appwximatoly 
as follows: — 

The momentum depends on the co-existence and 
product of the electric and magnetic fields. lHach 


fioUl varie.s invo.rHt'.ly as the square of the distance 
from tlic moving charge ; ami their vector product is, 
as regards dii-cction, perpendicular to the radius 
vector at any point.. ^ lb is proportional, at ordinary 
apoeds, t,o the Hint', of llus angle between the radius 
vector and the direction of motion; while in magni- 
tude it falls off as the. iuver.se fourth power of the 
distanc.ci. All this c.an ht'. realised by common sense 
with very litth' trouble. 

Ho, then, tnkt> a moving elec.tron, and consider the 
distribution of it.s tnomentum in the space round 
it. Betwet'U it.s Hurfact'. and a space of a hundred 
times its tliametcr, y*.» per cent, of its momen- 
tum i.s contained ; hccau.se, to reckon it, wo should 
have to int.cgrat,e the factor”— 
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Btit. a huntlrcd timc.s the diameter of an electron 
is (udy 10 " ccntimf'tre, t hat i.s to say, the thousandth 
part of the. dinnii'ter of an atom. So, within the 
boundnrv of an atom, which is a hundred-thousand 
time.s an «*lcctron'.s diamep'r, there i.s practically none 
of its monicutum not iiu’lmled. 

And even in on*' of the c.omparatively closely 
piM'ktsi atoms, #'.(/, in a platinum or mereury atom, 
tins overlapping «if momentum for o<ich constituent is 
extremely Htmdl. sine** their average space apart 
is some |.hou.sHnd limes this size of each constituent 
eleetrtin. 

(ton.seipmnf ly ihi' assertions that an electric current 
is a t ramsfer of «*leetrons, and that the energy of a 
currt-nt, travels in the space surrounding the moving 
eleet.rieif V. are .statements not inconsistent with each 


mass of a body resides in its atoms, and that inertia 
or momentum is a property due to the self-inductive 
influence of the electromagnetic lield suiTomiding a 
moving electric nucleua 

The same sort of thing may be add of the way in 
which a current is propelled. 'Uhe pace of progres-sion 
of electrons througli a solid may be (jonsidcralilo, see 
next section, but it is very far below the {jam*, at which 
a telegraphic signal travels along a wire. 'Phey mu.st 
be propelled by a lateral action, tran.Hmitt,ed through 
the ether with the speed of liglit appropriate to the 
surrounding insulator, by .some arratigtnnent which 
“Modern Views” .symbolised in the form of cog- 
wheels : they cannot be impelled by end t hrmst. 'I'lio 
electric current is a more material entity, t>r has a 
more nearly material aspect, than was thought 
probable a little while since ; but all that was taught 
about its mode of propulsion, ami the (lill'u.sum of the 
propelling force from outside to inside, through 
successive layers, as it were, of the wire.— all that 
was taught about the paths by whieh the energy 
travels and arrives at point after point; of the 
conductor, there to be dissipated as heat,- --remains 
true. 


Numher of Imm in C'ondtictoi's. 

The immense numhm' of electnius that are neetsssary 
to make up the nnus-s of a piece of {)Iatiuum, or of a 
lurnp of matter like the earth, (aui readily be 
estimated; so, also, it is easy to imagine that an 
enormous number must be travelling in onler to give' 
customary strengths of current sueh as cam readily 
pass through a liquid. 

Through a gas, a limit is soon found to the available 
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ioBised gas falls off if w«‘. («iU upon it to carry more 
tluin a (•.ertnin c.urront, called the saturation current. 
See invcHtigatioTiH by 'rownsond and others briefly 
referred to in (fliapter VIl. But I am not aware of 
any experiment, al indicaiiou of such a limit in solids 
or li<(ui<lH, at present. 

In solids the pa(‘e of travel is unknown, though it 
has been ingeniously surmised, and is thought to be 
very gr(*at ; considerations of centrifugal force would 
make the, speed of eaeh^ (deetron during an atomic 
encounter equal to c/^(K»w) or about 10* centimetres 
|)er second ; views based on Ma-Kwoll’s theorem about 
ct|^ual distribution of energy among the particles of 
mixed gas«>H suggest H)' for tln^ average speed of 
(iloc.trons at oniinary tempt^ratures in a solid where 
they are free, f lint is, a hundred kilometres or sixty 
miles per seeond; ! bough since oaeh particle is subject 
to constant changes of direction, this is by no means 
the pace of straightforward progression. But in 
liquids they an^ attaebml to atoms, and the pace 
of progrc'ssiun is known both theoretically and 
experimentally vvith considerable accuracy, and is 
eomparable to an inch an hour for customary 
griulieiits of |ititential. 

'I'he total eiirnmt is vnt ; and to give a unit c.g.s. 
current at m low a sj>t*ed we can reckon how many 
ions there must, be. For c=10'^ electromagnetic 
units; so if wc take 10 * cmitimetrc per second, 
the number of ion.s engaged in conveying the 
c.g.8. unit of to amperes is But, after all, 

that is imtidng very great; it is only about the 
number of ntmus iu a cubic centimetre of liquid. 
By applying a grealiT grmlient of {Wtential the ions 
can be made iti tiiove faster. Bv uraduallv narrowina; 








gradient of potential, it might be possible to got 
evidence of an approach to a Haturation-enrreiiit- 
density in liquids. The ol)8erve(l accuracy rtf Ohm’s 
law* under such conditions, however, is against this 
experiroental possibility. 

Conclmmi. 

The subject is very far from exluiusted, but T 
must not attempt to cover more ground, 'Phc 
most exciting part of the whole is the (‘xplaiiation of 
matter in terms of electricity, tlu^ vi(*w tliat electricity 
is, after all, thefundatucntal substatH'e, mid that what 
we have been accustomed to regard as an indivisible 
atom of matter is built up out. of it ; that, all atoms— 
atoms of all sorts of substances— 'arc built, up of the 
same thing. In fact the theoretical aiul pro.ximate 
achievement of what philosophers have always wmght 
after, viz., a unifimtion of ■mnltcr is ollering itself 
to physical enquiry. But it must he rememhered 
that altliough this soluf.ion is .strongly suggested 
it is not yet a completed proof. Much more 
work remains to bo done befoi-e w<'. are, <Hirtain that 
mass is duo to electric nuclei, (f it. is, then 
we encounter anotlu'r surprising and siiggi'sfcivo 
result, namely that the spaces inside an atom are 
enormous compared with the size, of the eleetrieal 
nuclei themselves which eomposi' it ; so that, an atom 
can be regarded as a complicated kind of astronomical 
system, — like Saturn’s ring, or perhajis mow like a 
nebula; with no sun, hut with a large ntmihcr of eiptal 
bodies possessing inertia ami subject to mutual 
electric attractive ami repulsive forces of great mag- 
nitude, to replace gravitation. ’I'lic railiation of a 
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nebula may be due to shocks and collisions somewhat 
like the X-radiatiuu from some atoms. 

The (li.sproimrl iou between the size of an atom and 
the size of an elecitron is va.stly greater than that 
laTwt'en the .sun and the earth. If an electron is 
depicted ns a, speek «me-hundredth of an inch in 
diam(‘ter, like one of the. full-stops on this page for 
instance, the .space, available for the few hundred or 
thou.siuul of .sueh constituent dots, to disport them- 
selves in.side an atom, is c.(»m parable to a hundred-feet 
oube; in other words, an atom on the same scale 
would b(* represented by a church HiO feet long, 80 
f<‘et broad, ami 4l» fe<‘t high,- in which therefore the 
dots wouh* he ahuo,st lost. And yet on the electric 
tlie(»ry of tiiatler they are. idl of the atom that there 
is ; they “ occupy " its volume, in the sense of keeping 
other things out. as .noldiers <H-eiipy a country; they 
are energeiic and for<-efnl tlmugli not bulky; and in 
their mutual relations they eourtitutc what wo call 
the atom of matter; they give it its inertia; they 
tmahlo it to eling on to others which come within 
short raigo', with the fore.e we call cohesion; and by 
CXCC.HS or defect. «if oiic or nmr<^ constituents they 
c.xhihit chemic.'d propt*rlics and attach themselves 
with vigour to others in like or rather ojipositc case. 

'I’hnt stu’li a hvpi>thetieal atom, composed only 
of •pnr.se dots, eaii move through the ether without 
resi.sianee in not. .surprising. 'I’hey have links of 
attaehment with eneh other, hut, .so long as the 
s}H*ed is .steady, tln'V h.’ive no links ol attachment 
with the ctli’cr; if they {ii.Hturb it at all, in 
.Hieatly motion, it Is pi*ohnhly only by the simplest 
irroliUionnl i-lass of dlslnrhance which permits of 
no detcctioii hv ativ ontical niean.s.* Nor do 


they tend to drag it about. All known linos of 
mechanical force reach from atom to atom, they never 
terminate in ether; except indeed at an advancing 
wave front. At a wave front is t,o he found one 
constituent of a mechanical preasuK', of radiation whoso 
other constituent acts on the This is an 

interesting but essentially non-stiitioal (miso, and it 
leads away from our subject. 

As to the nature of an electron, rt'ganlod as an 
ethereal phenomenon, it is too early to express any 
opinion. At present it is not clear why a positive 
charge should cling so tenaciously in a mass, while 
an outstanding negative elee.tn)U shotdd readily 
escape and travel free. Nor is the nafru-i^ of gravi- 
tation yet understood. When the elee.tron theory 
is complete, to the second order, or some liigher errn 
order, of small quantities — it is complete now to the 
second order if electrons may be tnsatod as geo- 
metrical points, — it is hoped that tin*, gravitative 
property also will fall into line and form pirt of 
the theory; at present it is an empirical fae.t which 
we observe without understanding; h.h has been 
our predicament not only since the days t>f Ntiwton 
but for centuries before : though we di<l not, before 
Newton, know its importance in the eosmie. scheme. 

Attention has hitherto been chiefly e,on<;entrat.ed 
on the freely moving active negative ingr«!die.nfc,™t.he 
more sluggish positive charges are at first of less 
interest, — but the behaviour of electrons iiannofc be 
fully and properly understood without a knowledge 
of tib.e nature and properties of tlie positive con- 
stituent too. According to Larmor, |K>.sitive ehargo 
must be the mirror-image of negative ehargo, in 
essential constitution. 
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as yob ol)Htn'V«ul fn'o. _ Some think it cannot exist in 
a free fltat<\ t-hat, it is in fact the rest of the atom of 
mabU'r from whidi a lu'gativo unit charge has been 
rcuutved ; or, to put it cru(lely--bhat “electricity” 
repels “ t'hrlrieity,” and “matter” repels “matter,” 
but tliat. I'ilee.tricity and Matter in condnnation form 
a neutral substance, which is the atom of matter as we 
know it. Such a statemejib is an extraordinary and 
striking return tt» the, views e,xpressed by that great 
geiuuH, llenjamin l'’rank!in. On any hypothesis those 
views of hi.s are of e.xeeeding iutin’est, and show once 
more, till', kind of prophetic, insight which we have 
had oe.easion t o not ice in di.Hcoverers before (Appendix 
H and (‘ha]). IV.). Undoubtedly we arc at the 
present lime nearer to the. view of Benjamin 
Franklin than men have. Iwen at any intervening 
jHirioil between his time and ours. 

The view that an atom is composed of an equal 
number of interleaveil or inter revolving po.sitivc and 
negative electrons that view is not Franklin’s; nor 
is it as yet anything but a gue.ss. To make it more, 
work must be done u|«m the nature and properties of 
the positive charge; atid the positive electron, if it 
exists, tuns! be dragged experimentally to light. 

Hspeeially mn.Ht the inner ethereal meaning both of 
positive and negative eharges be exjilaiiied : whether 
on the not ion of a right-and left-handed self-locked 
intrinsic wreneh strain in a Kelvin gyrostotically- 
staiile ether, elahorated hy Ijarmor,* or on some 
hitherto nnitaiigiiied plan. And this will entail a 
qnnntitv of exploring mathematical work of the 
highest order. 

Htfit-r timl .tial ; i»r I'htt, fruM. ISIM, pp. fllO, 811, 

iiii tit i i!. 


APPENDIXEa 

APPENDIX A. 

Calculation of the Inertia of an Electric Ottargo. 

Lot a Bphorical conductor of radiun o, carrying a 
charge of electricity, move forward with moilorato Hpeed 
u; meaning by modi^rato kjhhhI atiyllung dinfitudly lean 
than the speed of light: it cunustitutcH a eurnmt clement 
of magnitude au, and its circuit in eloHctl by tlinplacn^ 
mcnt currents in the surroumliug <liidcetric. For clccirie 
lines of force arise in the medium in front, and Htihsidci 
in the medium behind, and so a cUnplacHunent of tili»ctricity 
takes place from fore to aft, to e<au{H»nsiiio ilia motion 
forward; and the lines of displacement are ideiiiical with 
the magnetic lines due to a sliort magnet. A idiarge 
may be said to travel carrying its tdectriMatie, lines 
with it, or it may be said to 1 h^ constantly generat ing an 
electrostatic field in front and di^stroying oiii.^ lM,diincl 
When an electric field thus moves, partly littiamlly, it 
generates a magnetic field — in tlio presciiit itiHtanee in 
circular lines round the line of motion ;~for thti moving 
charge is an element of a liiu'ar current llii! irenerfiiitMi 
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however, t.he,y tend to prolong tho current which main- 
tained them. (’()nH(((jUontly, if tho moving charge (or 
current) t-ricH to utop, itn rotardation meete with 
obstruction; it is constniined to persist by the sub- 
sidence f>f the magnetic fiidd which its motion excited 
and luiiintainH. Its vtdocity is not resisted, there is 
nothing eijnivalcnt <.o fric.tion, but its acceleration -f or - 
is olwtrnc.tcd, an etrcct iirciciHoly analogous to inertia. If 
it is at rest it will ntHnl force to start it, and if it is in 
motion ita motion will ptu’Hist, oven against force, for a 


time. 

The charge mds, therefore, an if it had inertia, and we 
can proceed to calculate its amount. 

While moving it in a current, and will ho surrounded 
by rings of magnetic force, wlnwe intensity, at any point 
with {Kilar co-ordinal <■« r, 0, referred to tho line of motion 
as axis and the moving charge as origin, will be the 
(piiU) <iixlinary esprc'SHion (with eu for the current-element 


insteail of Ck(«) - 

II 


fu sin 0 


Tlie ortlinary expri'SHitm for tho electrostatic force at 
the ««ne jtoiui is ^ 

E ® 4. 

«r* 

(««> at end of ( 'ha|>ter 1. with refi^rence to the inser- 
tion of /i) n«id if the mntion is slow this value will be 
pri«iirviHl ; Imt if it is rnpitl the electric field gets weaker 
along the axis ami strong«*r e(]uaterially, having been 
shown by 1^1 r. Heaviside {PhiUmi'phiml Mitgazine, April, 
IHHD) ti» Ih' given by the following expr«^on— 

l-(it/«)* 


The strength of the magnetic field will be similarly 
Hfcodifi«i in this case; but the simplest mode of stating that 
is to express it in terms of E, and to say that always 
B[=/cEttsin 0. 

The rate of transmission of energy wiU be the vector 
IHt)duct of E and H ; and tiie whole magnetic energy,— that 
ffi the whole kinetie energy due to the current, i.e., due 
to the mdion— will be obtained by integrating the ordinary 
6X|n;e8sion fjSPjSir, all over space outside the charged 
sph^e, viz., from a to oo all round. Its charge is assumed 
to be superficial, so that no energy is inside. In the general 
iMs expr^sion is a little long, but in the most im- 
portant case, when the speed of motion u is decidedly less 
than the speed of light it is quite simple, and the 
working may as well be given: — 

Kinetic energy 

. (vol.) = j 1 1!« . rfe . r ain « ^ ^ 

a o o a 

fcos^d—l , , ^ 

a a 

Cknnpmng this with mechanical kinetic energy, 
we that the charge on the sphere confers upon it 
additional kinetic energy, as if its mass were increased on 
a«x«mt of the charge by the amount — 

in=~ — . 

^Miis may also he written — 

2 e 2 , 

3 ^ X potential, 

j«t)®=the electrostatic energy of the charge : 

supposed a spherical shell of elpotyir'ifTr 


In other words, the mass equivalent to the charge is such 
that if it were a piece of matter with constant inertia 
travelling at the speed of light, its kinetic energy would 
be half as great again as the potential energy of the 
electric charge when standing still. 


APPENDIX B. 

The Electric Field due to a Moving Magnet. 

If a short bar magnet or uniformly magnetised sphere 
(its moment M being the intensity of magnetisation X the 
volume of the sphere) moves along axially — that is in the 
direction of its magnetisation — with velocity u, it generates 
circular lines of electric force all centred upon its axis, 
much as a moving charge generates circular lines of 
magnetic force. If there is a conducting path round 
any such circle, then the motion of a magnet along its 
axis will generate a current in it; but if there be no 
conductor, the motion will only result in an electric dis- 
placement which subsides when the magnet stops. 

The intensity of the magnet’s field at any point along 
its axis is well known to be 2M/r^; at any point on its 
equatorial plane it is — M/r^; and in ^any intermediate 
direction it is, as regards magnitude alone — 

H=^y(l + 3co8>=0). 

All this holds for the moving as for the stationary magnet, 
provided its speed does not approach that of Light. 

The electric force at the same point is — 

E = 2 — 

_OTT.. 
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The electrostatic energy resulting will he the itjtogral of 
/cE78t everywhere outsido the moving iiuigntitimMl sphere 
of radius a, viz. — 

Energy = ’’ • ^ 

/cMV M'-* A/y 

=“6^“6^(?W' 

The displacement acts like an elnstic strain sot np in 
the dielectric, storing the above energy slatienily; and so 
long as the magnet continues moving steadily the eleetrio 
displacement exerts no forcts nimn it. But aeeeleration 
wiU be resisted; for if the magnet logins to go faster it 
sets up more displacement, and thi» m!t of si'tt iiig this up 
constitutes a transient cumsnt, wliieh opposes the moti*m 
as long as the acceleration contimm.s, hut dies <nit the 
instant the motion becomes steady again. 

Conversely if the motioji of tl>e magnet ht^gnn to 
slacken, the electric strain wmihi begin to Huhside, and 
its subsidence would constituhi an inverw* t rnnsii'nt luirrent 
which would assist tlic motion, ie,, oppose Uu' slaekening. 
In other words, the variations of the eireiilar tdeidriu strain 
in the surrounding medium confer u{K»n a moving magnet 
a spurious or apflarout momentum, in addition to its real 
mechanical momentum ; and thus the elastit; strain itwlf 
may bo said to ropnisenb a spurious <tr apparent inertia 
due to magnetisation, in addition to any riail meehanieal 
inertia which the kidy holding tho magnetism mny itself 
possess. And the amount of this extra inertia is » 


Arr. 




whero 1 is iluh itiicuinit^y of tnagriotisation, and the 
intensity of thn fit'kl, iimicif* the HubBtauce of a uniformly 
MiagnetiHecl nphero. of ratiiuH a and magnetic moment M. 

The iH|nivfilmit inimH moving with the velocity of light 
would Umrtdori* have ati energy cB|ual to two-tiEthB of the 
intriuHie ent*rgy id* the magnetised sphera 


APPENDIX 0. 

On Electricity imtl Omvitation and Dimensions. 

Eiderring hark to an arDcle* of mine in the Fkilmophicod 
lAn/nc/ar lor No Viutdier, IHK2» page ‘{58, we find the 
fundamental and niB*t*HHary relation hetwium constants 
Htatiai tliUH^ wlim’o M ahall ntand fur magnetic polo and y 
fur CkvendiHli « gravitation tuaintani™ 

bung foree amt / bsdng longlh. 

Jf it hi m»w going to Itu’ii lait t4iat a mass is composed 
of tdeid-rie eliiirgoH, it might mihuii a« if a and m were 
fjUfiiitttii*H of tli*^ Bamo nature, anti were only numerically 
ciittiifH'tial ; wlienef^ it wouhl follow that k and y were of 
»iiiii!iir kind, In oitpu* wortin, BanulayH diidecd^dc constant 
would biB*t»iiie rltimdy ridiited to ( *avtuidmlii’H gravitation 
coiist4iiif-. and aa well m mum wt>uld be traced to 

eleeirieily « Icit iimdi ii diBluation is unwiirranttHl, there is 
iititliing t4i jiroviuit- rtmimtially ilitlerent pro}airties of the 
ether bidiig iiivulved in the two kinds of force— gravitative 
and ideel rie. 

Am i,ii fJii4 tmium <4* tiie gravitation constant itself, we 

liavo-- ■ 




mq of vidoeitf tiiiergy/iiiam 


It is clear that if gravitation is in any Honso of electric 
origin it must bo a second or<lisr diBtnriMiiico, or some 
higher even order, superposed upon the main ek«jtric effect, 
and be independent of sign. It would, in fact, depend 
upon e*. For the gravitativo force l)etween two electrons 
at distance r would be — 





y 

\ 'Aa ) ' 


The electric force botwoon the same two electrons at tlie 
same distance is — « 


F, 




Therefore the ratio of the gravitative to the electric force 
at any distance is constant and equal to-— 



where F^ is the electric force Imtweon two spherical 
electrons in contact, and v is the velocity tjf light. 
Numerically this ratio of the two forces is- • 
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so the electric force exceeds the gravitativo a« much m the 
globe of the earth exceeds in bulk an nltra-micrmcopie 
object 

When there is an agglomeration of oloctronM of cjpptwito 
sign, their electric inllueu(io at a iliHlAnco diwip{H‘ars, but 
their gravitative potential will be prop(jrtiomU the «um 
of the squares of the ohargea So with 10** mixeil electrons 
in each of two bodies, at any distance apart, tin' gravitative 
force between them will eqiuil the oltsctrie fonto hotwoon 
two single electrons at the samo distance. 

In my 1886 Report to tlio British Associatitai on KUsetn)- 


opposite electricities were extracted from a milligramme of 
water and given to two spheres one mile apart, those two 
spheres would attract each other with a force equal to the 
weight of 12 tons. 


APPENDIX D. 


Dimensions of ejm Ratio. 

The reciprocal of the electrochemical equivalent of a 
substance, ^/m, may be expressed as regards dimensions in 
several ways, one of which exhibits it as a certain large 
numerical multiple of ^he geometric mean between 

Faraday’s dielectric constant and Cavendish’s gravitation 
constant. For hydrogen, this numerical multiple is of 
the order 10^^; for silver 10^®. 

Another way is obtained by writing — 

e2=*:FZ2=— I 

whence it follows that — 


I ~Vv I r 


and so ejm can be expressed in 


centimetresX 
grammes/ 


The artificiality of these dimensions is due to the fact 
that e and m have been conventionally measured in 
different ways ; m is measured by ratio of applied external 
force to acceleration, while e is measured by repulsive 
force self-exerted on a similar charge at given distance. 

If we express as a density (see Modern Views of 
Electricity,” Appendix p), the electrochemical equivalent 
comes out as expressible in grammes per square centimetre, 
that is to sav a surface density. 


It is noteworthy tliat while ih of the name 

dimensions as Ijv, ^(^y) corresponds to Ife, whore c is 
an electrochemical equivalent 


APPENDIX E. 

Electric Saturation, ate. 

In my Report on Electrolysis to the Ikitisli AHHoc^iation 
for 1885 (see the Aberdeen volume, pp. 7(i2, 7d;i), I call 
attention to the poHsibility that ati atinnie: theory of 
electricity would give vm^ to a maKimtmi ehargti iHmsilile 
on a given area. The maximum surface-density %vould 
be attained when every atom was polaristnl so that its 
atomic charge faced outwards; and for a solid or Ihjuid 
it would bo very great. For the ebargt^ tni eiicli being 
10""^^ and the number of atoms per square eeidimetre 
being 10^®, it follows that the maximum surfaces ilensity 
possible is electrostatic units |mr square ctudimelre. 

The corresponding gradient of jmtential wwild Im 4W®® 10^, 
or 3,000 megavolts per centimetre; and the eurreH|Hmding 
tension would be 2Tor‘*^«Ox 10^'^ c.g.aa4(h0fHl ions U> tbe 
square inch. Of course no dieli‘c.trk! wouhl stand this 
pressure, but absolute vacuutti might 

In practice, therefore, it follows that wluui a aurfiice is 
charged highly, only an extuH'dingly small percentigi» of 
the molecules are jK)larised with their cliiirgi^s facing 
outwards. For instance, common air Iireaks down whim 
the tension rises to a vahie2Ta^«| gmniiiiP |>er scfuare 
centimetre = 400 c.g.s. ; wharehjre the maxitiitiin rr in 
ordinary air is 8 electrostatic units per scjiiiirti ceiitiiiti4rc ; 
and this quantity would 'be aflbrded by ilm facing outwards 
of 10^^ molecules, or one in every liuiulred tlioiifnind of a 






1 Al'r. r. 


oscillations may bo oxcitod among tho inb'rnal paired elec- 
trons by shocks and collisions, or other i>(<rtnrlNiti()ii. 

The most important aspect of the alKive calculation 
is that it corresponds with the hyjMithesiH iliat tht) whole 
of the mass of an electron is electric, and noim of it 
material or unexplained ; for it shows Hint a pim> <deetron 
is able to revolve at distances of the molecular order 
with luminous frequency* The wpian* of the wavt* length 
emitted is proportional to the cuIm> of the radiuH vector; 
provided the plane of the orbit conlaiiis tlu» t^entre of 
force, — otherwise there may constriiined motion of 
smaller amplitude, analogous to that of a conical {Hsntiuluin. 


APPENDIX (K 


The Badlating Power of a Steadily Eovolving Eloctroa, 


Consider an electron nwolviug n« alfovt* (Apjanulis K) 
in an orbit of atomic dimensions hwith Innuiious frtHjucney 
n=wj2Tri and calculate its radiating power. 

By considering sc'paratoly the elta’trie: and mugui'tic 
forces due to sucli a particle, at any jKiiut. of space, and 
then applying Poynting's theorem as U> iln' iHuivection 
of energy wherever the two fields cca'xist, wt> g«'(., m the 
rate of transmission of energy past a jKtinf. whose jKtlar 
coordinates, referred to centrts and axis of orbit, are r, 0, 
the mean value , , .... . 

ft. l-t-C!OH-‘0 

v • '~~W — 


Amd integrating this all over the sphere of nnliti-i r wo 
get, as the total emission of energy {asr seeonil - 

%fte^h*ai* 
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may be written, — with a as the radius, m the mas 
i^nci 'll as the acceleration, of the revolving electron— 

mau^ 

V ’ 

ivliere v is the velocity of light. 

Tlie fundamental expression for the amount of energ 
emitted per second as waves in the ether, by a movin 
?liarge e, was given by Larmor in Phil, Mag,, Decembe 
L897, page 512, so far as I know for the first tim< 
3tlso in ^j^Ether ccnd Matter, page 227, namely — 


rilis agrees with, the above calculation, since iu = u^/h = ba} 
to being acceleration. Now may be taken as 10" 
gramme^centimetre, according to most recent measur 
nents; and in a circular orbit of radius r the accele 
ition is 

'll = (27^<r^.)2 6 = 40(5 X 101^)210 “8 = lO^^ c.g.s.; 

bherefore the radiating power of a single electron, i 
cnoving, is 


2x10-^" 
3v ~ 9X 1010 


X 10^8= 2 X 10”^ ergs per second. 


Bnt the total available energy possessed by the revolvii 
electron of linear dimensions a is only 


-u^=^{27mb)\ 


namely its kinetic energy (for of course it cannot radia 
away or . dissipate its electrostatic energy), and tl 
amonnts to — 


(2-t X 5 X 10“ X 10-»)2=3 X 10-“ ergs, 


its velocity being 8 x 10’’ coutiiuotrcH por second, or one- 
tbousandth that of light. So it the clcsctron wit(» i.snlated 
from any supply of energy, and if it could maintain the 
pace, it would at this rate nuliat(i away all its kinetic 
energy in 10“® of a second, that is to say in thnas or 
four million revolutions. This may seem a rapid ral.e, of 
cooling, but it is not surprising for an molaled and 
luminous atom; it is a Hertzian vibrator or emittiu* of 
simple type. The number of revolutions which an 
electron must make in one second, in oriler to emit 
sodium light, is about 8000 timi*s tln^ numht'r of seconds 
which have passed since the Christian (U'a. 

We may express the ratio of the radial ing powtw of a 
single electron to ita total kinetii; energy, by the fjvuditttj '~ 

— =~(2xu)®=EH7r%.j^-.j'70 million {M'r scctmd. 

In any largo assoiuhlagi; of atoms the radiation is not 
free and uurestraiiual, tior is it unmaintained, like this; 
but it must always Im eensulerahle at un.v(hing like 
luminous frecpiency, and it is proportional to tlie fourth 
power of the frecpiency. At a IVe.pienc'y which emits a 
wave ten times as long as a luminous wave, the radiating 
power of a revolving cdectron is only otu' ten thouHiindth 
of that above calculated, but even HO it is vc<ry signilicant; 
so there must bo compensation of some' kind or a Hul«tance 
could not permanently exist. 'I’he criterion that a mole- 
cule shall not bo destroyed by ra<lintion. losses is givcm in 
the concluding senteneo of Larmor's paper alstve tpioted ; 
Phil. Mag., Dec., I8f)7. 

The subject of radiation finm a symmetrieal gitmp of 
electrons was pursued alnive in Chapter XIX. 

The radiating power of an electnai suddenly slopjssl by 
a collision is of cmirse much greater than t !m nlHive, and is 
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the tliHinuec' mmt ba comparable with the elec- 

trons’ owti itiiunciar; which accordingly accounts for the 
cxtroino ihiiincHH luul amHcqueut penetrating character of 
the f!initdetl pulse. 


APPENDIX IL 

Faraclay’i Prophetic Nomenolature. 

StudiUit'H td tln^ liiV id Farnday will reinembor that when 
he discovta^i^d I lie roiatiou of t-he plane of polarisation by 
a field iipphetl <41 dense iKKlies in wdiich light 

travtdied itloiig ihv ItiieH of foree»-*-wreHiing the seerot from 
nature liy strong ivud |Hu*iiiuunoUH e^Kperimcmtal research 
that wntuld liot- !«.' tleniiii, tliough the time wiis as yet by 
no nit^aiis rifie for eonijindiriision of the fact when it w^vs 
dimaivered--- !it^ hihi'lltnt his discovery in a lit of onthusiaBm, 
**The Miigiietiniition t*f Liglit anti the Illumination of 
Miigneiie Liiirs tif Ff»rci**‘: a lalml whicli pujsded con- 
ti^tiij>oimri*e4 for 11 h*lig iiine. 

It is diirundi to see what meaning ha can have attached 
k'l jihriiiii^s , find for many yaiim afterwards they 

ii|i|ieiireil iiiisiiomers* indicmting a foggy concep- 

thm tif lii,H i»«ui diseov«n‘y, 

it m liot likidy tliai his stain of mind wim really at all 
clciiir Oil tbi^ probidily he rvuuld at a later stage 

have 1 114^^11 mulUiig to phaid guilty to a lew than lucid mode 
Ilf eiiitreiviiig thi^ phriiMiiomon , which neverihtiless always 
sprtiiily jih^iAi-it loiii, fhoiigh when ti was reduced to a 
mere riilnliiiii r.f rhi^ plane of j«»Iiiri»fitio«, it seemed to 
iitiiiiy and pliywicinte t4i hiivti lost its unique 

ami i4tirfiriHisig tutorm*!. It. must iilwEys he rememlMired, 
Ittiwever. lliiii iiit-«'rr? 4 . \%i%H iirVt^r lost liv tithcf Ijoril llelvin 


incited Maxwell, many yearn lat<^r, t^) lK*gin developing his 
electro-magnetic theory of light. 

But how do the titlon ntrike uk now ? Do ilir^y not 
indicate some oxtnmrdinary tincoimeiotiH inniglifc, aueli as 
is frequently experienced l>y a gn*ai dineoverer in the 
enthusiasm of discovery ? lltmiendHO' ihaf» <!ie Hall idlect, 
the Zeeman elfcct, the Aurora Bcirt^aliH, and Faraday’s 
rotation are all clostdy eonneeted with lamh othi^r—hy 
meane of iJbio electron theory. 

In the cathode ray tube the Hying ehattrons im^ dethaicKl 
by a cross ma|]pnietie Held; or if they Hy ahuig the linea 
they are twisted into ih spiral path rmind ilHuin In ih© 
Aurora Borealis this eflect is carriial out in tlu.^ ni’)|>er 
region of the air on a gigantic aiul thi^ eartli^i 

magnetic "lines of force are illuniinated hy Hying eltic* 
trons from the sun entongltKl and guicbni hy thi^in. In the 
Hall effect this mime influence is hdt hy the slowly moving 
crowd of electrons as they are handinl on from oiio atom to 
the next, causing a curvature of the current path -in whicli 
either positive or negative may prcilominnt^,^, In tln^ Zeeman 
effect the same cause operatic on the revolving and viliratiitg 
electrons, associated with a radiatiitg aUun and cimslitiitirig 
a source of light; wlierefore we may truly m%y that tli© 
"light is magnetised/’ for the source of light in miigiietisful 
directly, and the effect is impremuHl on and ri'liiiiiitd hy the 
light emitted, and is made visiblti hy sjiectruiii iiiiiilysis. 

The first intimation of that magnetic iiifliietier^ on light 
which lies at tlie base of all iifc fimi Higlit it|ipiirefitly 
diverse phenomena was detecktl hy Fiinidiiy in Ids slight 
differential rotation of the piano of poIitriMittiori in oriii 
direction or the other by a magnet, ficrordiiig m thi^ {ami- 
tiv© or the negative element in the detwe siilmliiiieti wm 
most affected. 


iUutuiiiatiou <'1' tlit' liiu'H of luugnotic lorcoand tliomagnoti- 
Biitioii of light " iiiny rogartlwl aH a prophetic flash of 

gt'niiw. 

jV. not itUogclhcr dtHniiiuInf fhwh has already been 
rofciTtMl t<t, when CrtMikt'H hinted pnnnatnrely that in the 
catluHie raya we hiul wtinet hing like corptwciilar light, and 
also like matter in a hituih atate, noither solid, liquid, nor 
gaseous, Kor. whether qtiile right or not, ho was far 
more rigid than llm «'ritie,s of thoso days who presumed 
to deride him. 


Al’PKNDIX J. 

Ou tUa /trays tnrom Badimn. 

Miifjiiilii' tlrili'yiitii of UiUi-mijM, 

The following dingi’ain illuHtruU's the spreading out 
into II sort of Kpeetriini of the lieta-rays or electric 
jHirtieleH shot out with ditl'erent velocities from radium. 
Homo are only slightly Ismt. Ising very speedy. 



It rejirenelda the soiiree ol radiation j 
li an a|i*n'tnr«^ through whii*h th*' rays have to pa#®, 
e the inipr*’af,ion whieh woiihi 1h^ prisluced on the 
pilot* ^graph S' plat*' with a magiietie tiekl alstent, and 
tl ,i il Ilf' in.i<r. ' . oil the wiiuo plate due to the 





In a uniform magnetic fmUl tl«s rayw will nil la’s Htig. 
meats of cirelos, and it is easy to ostiniatti the radius of 
curvature of the ray corrt)si>oiuling tti any {xdnt in the 
spectrum, since only one circle can bo drawn through 
three given fixed points (Kuclul, IV. 5 or 1 H. 2.1), nucIi points 
for instance as a, and d; so, tliese three jHiiuls heing 
known, the circle of which the ray forms a part is known, 
and its radius of curvature is therefore ciettu-mimal. 


Eleeh'io chanje carritd hy Htitt-mya. 

The fact that ordinary catluKle-rays are negatively 
electrified was proved most concluHively liy I’errin with 
an apparatus diagrammatically ri^presented in the figure; 
where a represents the cathiKle, 

h an earthed diaphragm with small n|H'rture. and 
<5 a Faraday cavity or hollow vesstd, arraugetl to 
catch the rays in its interior and convey the 
charge to an eluctroacojas. 






i’mtii 


It is not so easy to prove that thtv iHUa-rays emitted 
by radium are electrifiwl, iHscauso the air and everytiiing in 
the neighbourhood is rendered conducting by t heir impact, 
but Professor Curie succeedtHl in establishing the fact by 
enclosing a piece of metiU completoly in stdij imraflin, 
and showing that when exixHSJil to the rays this metal 
became charged, 

Strutt exhibits the converse elfect in a simple and 
interesting manner hy htwiging up a radium IuIh* in a 
vacuum and attaching to it a {tair of gold leav.sH, As 
the electric rays are shot away hy the railium the tivives 
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to thi*, full fxli'ut. mill willapmng whon they touch the 
boumhwy. ftu' hh Uiiig an this riulium lasts, which must 
1 h) many w'litiuifH. 

Strutt's ajuuiratUH was hIiowh iu figure 22, page 177. 

Fur a g(««l mnl clrar liUmumtary account of the pheno- 
niona e«shihitiHl hy nulium, cKpccially of all those most 
imjKirtunt. I'lwtH which huvn reference to things other than 
electrons, - such uh utphii-rayH, the emanations, and the 
tranKinutiitiunM uf nmlter, the IsHik on Tlie Becquerel Raya 
(tnd f/o* iVo/x r/iis n/ Ittulinm, hy the Hon. 11. J. Strutt, 
may .mitiHfiielorily 1 h' rcFern'd to, an an introduction to 
Prof. lUitherfMril's tr.iitiHe. 


API'KNDIX K. 

Note o» the Beha'e'teur of a Charge Moving Nearly at the 

of Light. 

Accnriiittg ill iit\«!t(tgiiti'>iiH hy Irfinnor in the Phil. 
TnufK., pp !». mnl Hh«i nccoriling to the investi- 

gatioiiM of Mr, S- arh- (/7.i7. .l/io/„ Oct. lHi)7) a charge 
dtH's not re ili arihuli- ii-ulf on a moving liody whon its 
sjMa-cl IsTMuea gr.-ni, hilt the lines of forco bend or 
are ihulecieii t.ittiinh the eipinhir, without remaining 
normal to th>’ stiirhu-e whincc they start. Any un- 
ccrtiiintv '«* »!*•’« Iniui wcnis to have been duo to a 
Hiitural ^■nfo>ii*n U'twei ji the ehniric force acting on 
th,. .hiirge iiml llm elherial force which would 

iM’t Oti rhiugea at rent, ur woiiltl cttiise corresponding ‘dis- 
pliiceim nt' in hure .ill.ei . the former must bo normal to 
a p«’rf*'et i‘«.n<hi> j*'i. hut the hitter need not: an assertion 
in which we may trace -oiue mittlogy to the fact that in 
R »Hovii,o .liutu mv-i of hglit »*■'' »"'t Frp«»‘ficttla.r to 


There is no question but that the of !nfm Imml 

back towards the equator, iis ntated bj itio in but I 

assumed that this deflexion of the wnulcl iintail their 
moving up nearer to tlie etiuator of Hjiherts ko as to 
leave the poles bare of charges in imlvr tliat the lim*H 
might still continue radial. 1 mltnit i\mi iln^ linea iif force 
need not continue radial cIohc* Hpln^re; Init, in ho 

far as the sphere cliangcm its Hjiape, tln*ro shtuikl atill be 
some unimportant redistribution t*? the ehiirgi^ iia the 
speed increases. Mr. Searle ealculaieg ihui wluu'tiaa a 
sphere at rest acts as if its cliarge wi're iil, a eentral 
point, this equivalent point o|HinH out into a nniforiiily 
charged line, forming a medial and Hinall portion of its 
diameter, when the sphere in in motion: uh the velocity 
increases, the length of thin line grinluiilly ineri*iiHeH iiIho, 
until the speed equals that of light, whmi it lilM the aphere 
exactly. But this leaver out of aeeonni a iliiitorttonal 
change in the sphere itself, to whieh I will prenently refer. 

The fact is that the behaviour of a ehiirginl Unty moving 
at enormous speed may be tn^abal exact ly in thti mnniuu’ of 
elementary potential theory for a charged i^lijwoiil iii roni 

It is doubtful whether the term ** inertia " remiiiuH uaefitl 
under these conditions: it is {'mrhapa beHt to reKtuwe it 
for the ordinary case when miiMs is etmHt4t.iti ; fot; ii« 
Mr. Searle points out, three diflerent estimnti'H of ttieriia 
can be made:— one tlie ratio of forf*ti in nrrtylerfitioii, 
another the ratio of momentum to vehwdty, iind n third 
as the ratio of kinetic energy bi half tlie Itjitiire of 
velocity. In ordinary matter, m is well Iciiowii, iwet for 
slow electric motions, these three UHl.iiiiiiieM nre otie iiiid 
the same; but for violent eleetrb f.bcy laitsime 

different; though it shouhl he reiitisrd liow siiiiit! tlie 
difference is, until the speed of light k very rltmdy ap- 






thnf. Hum <‘vw been practically dealt 
fur iuHtjuicf, the caHc of a catmoii-hall stopped by 
{tiati' IH luiy Hurt uf ummnal oifcct to be expected; 
the hy|H»thi'HiH that, taatter in entirely electrically 
„i, N’everthch'sn, tiuw that aJiiong free corpuscles 
j-uniii Itih'*, ur itiiumjj thewe ex{Hjllod from radium, 
H’uJuiiij' pniftirully jMiasihle to athun these high 
ii,nti oven ill l*i*gin tc> Imiho crucial dotoriuinations 
^*'111, it tuH-esHury to consider the matter 

i-i’f iilly. III ii imhliwiiiou itt CUiiiinpfiui in January) 

iWmihmu hnii IIuih wliat he calk 

iiliniir* fritiii what Ini callH ** trariHverHc inertia; 

imt laily nii the Bpeed but on the 
;i Ilf , narh tlir<H*iitin having a different 

iif-i iiWin 

fil! tlii'fi*’ are atill fuilher complicated by a 

lit '-III Ilf thf^ of aceclendion itnelf, which, 

a* it ia viMh*ul, rim to Home perceptible 

fi, iiiviilv log «lk.*4ipati«*it of mmrgy ; and this radia- 
» of iip*'i>:y, thtaigh it will U' primarily represented 
iMlimi mi II rr:h'‘4-ama’ i»r velocity term, may micond- 
ve fill flh't’t till iorrlia,- probiilily, however, quite 
mill uiil»*riiioai*^ in nil praciienl cimeH, and 

f. Ill nil ?’*.» long a.H otolitiii ciceiirH with uniform 
I II fjiraighi lin*'': bu’ tlmu there in no riulktion, 
Ilf fuiiro-. timh'f llnwo conditions ii In not pc^ible 
*r itnwair*^ flie in»^rtiii of a baly; it m only when 
loll 14 1*0 ha' inir^«*4 or rltaiigml in Home way that 
r'lMiii.-i po 41011**111, and ilimi thens m iicicemrily 
oiiigli leeoilly any aiiidh rinliiiibii im, 

of a chiitgrti Imly k Wng 
I ti! uhi,i liigl* it iiiiiy*' la? iwkeil whether 

' -.iP:, i,,, ii-i*' Midiimry i*^prca4iiai for tlm fore© 


The ordinary exprosBion for dcHectiof^ force is at 
low speeds, for a charge e moving at u across a 

magnetic field of intensity H; hut whetlun* this simple 
expression is departed from at high sjunnlH must be a 
question of ethcrial dynaitiics: tlu^ proctidurt^ of Larmor, 
based on the principle of ‘ Least Actioti ’ (mm jEiher cind 
Matter, p. 9*7), would give an answer in iho nt^gative,— 
which agrees with the assuniption of Ijorent>^. It has 
been suggested by others that for HptHKls at whi<di (n/vf 
becomes sensilde, we must use the more complex ex- 
pression for deflecting force:— 
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This, however, at low speeds r<Mluci»H mtt to tlm usual 

simple value, but to one-tliird of tliat valm% viz. 

and Professor Sclmster in tlic Phikmop/ilvtd Mmjazme 
for January, 1897, calls attentitui to tlm variety of 
numerical estimates of this (i«antity givtai by <lifferent 
varieties oE the main theory. But it appears k) he now 
considered that there is no real ambiguity and that 
Larmor's view is correct. 

As has been said above, at higli Hpt'eds, not only does 
effective inertia vary with Hpianl, but it has diflenoit 
values for different dimeium^ of act!eleriiii«ai ridative to 
the line of motion; tlm valuta of wliat Alirtdiam calk 
‘transverse inertia,'' which (^Kpnwes reacthtn U} a tamns- 
verse deflecting force, is quoted hy Kaufmiitiit in (hmpim 
Rend/m, vol cxxxv, p, 577, writing it wit>li iiq, im the 
equivalent inertia for slow niotion. and wit-li ft im the 
ratio u/v—tlm ratio of the velocity of the particlca k) 
the velocity of light—thus 

1+/^ ,N 
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and in the formula appropriate to his experiments. All 
this is in fac.t dtalucihlo at once by the xiaual Lagrangian 
(lyiuuuiral mnt.luHl from Mr, Heaviside’s expression— 
KlMrical rnjii'rn, vol. ii., p. SU—for kinetic energy; viz. 

an <'sprt>.H.sion tspu valent to ? ti* multiplied by the following 
(plant ity: — 



r bt'ing tins Htpinri'd spiaal ratio u*/y*. 

In hinuor'H original treatment of electrical inertia, Phil. 
'Iniiin, IH.Ia (Aug. iK'.i-l), pp. HOd-HlH, there was no reason 
whatov'or for ant ieipuling vtdoeitit'H greater than one-tenth 
of light, HO a Hiinph* imuiia tluairy Heemed amply sufficient 
at that time; tht» mtww lasing a permanent constant 
a.H.s(HMntcd with tlm eleetn>n and dopondont on its 
Htrueturo, 

It is thi' hops' <tf MW'ing aomowhat into structure that 
has luiwh' t!n< nsi-i'iit expiaimouts on its modification at 
high ap'HHla ho intiTeHting. 

Profesfinr J. .1. 'I’lioiiiHon’s corres{)onding formula for 
juonmnfnm is (pioted alsivo in the ttsxt, page 138, and 
Himpliti' si ; anti in HimplilUsd form it may bo re-quoted : 

It anionntH to this, that the mass of an electric charge 
e on a wnall m.n intudneting Hphero of radius a, moving 
with a speed w * c sin <J, is— 
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milk'll ffiUiiltiiiHl t»n i^S (ieo also page 133) 

ill t.li« 


and to a certain extent it must be considered experimentally 
verified by Kaufmann’s results. The function <p(6) has 
the value unity when u=0. or even when ujv is small. 


APPENDIX li. 

Distortion duo to High-speed Motion through the Ether. 

Mr. Hoarlo, in the Philosophical Magazine, October, 1897, 
points out that the simplest charged body when in motion 
is not a sphere, but an oblate spheroid, oblate in the direc- 
tion of motion, with its axes in the ratio 1, 1; 

and tl>at this producea on all points outside itself exactly 
the same tdliict as a point charge at its centre: where- 
ror(' such a sphe.roid in motion at the speed u takes 
ihe. place of the sphere in electrostatics. He calls this a 
Heaviside cllip.soid, bccau.so Mr. Heaviside first indicated 
its important in the theory of moving charges. 

but it is well known that a spheroid of this kind is 
.■xa<dly what a sphere in rapid motion would auto- 
nuiticnlly hcwuue, on the FitzGerald-Lorontz theory; viz. 
ihat hypothesiH whicli was started in order to accouni 
fur thu’m-gativc, rc'.srdt in Michelson’s experiment, by postu- 
hii iiiy a change of dimensions in solid bodies according k 
!l,. lr diivciiun of motion through the ether. This hypo- 
ih-- .is. huwn to be. plausible by l-orente, became a definik 
th.-Mi-y when Larmor proved {M.her and Matter, ch. xi.' 
ihut \>n He- ch-ctric. theory of matter— that is, assuming 
iiwi tiic whoii' inertia of matter was electric— not onlj 
> ■.ueh a change of dimensions reasonably likely, ai 
i n.d.-mld had p'rreeived. and likely also to bo of th( 
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cificly zero resultant, in the Michelson experiment, hut 
that the chanj^o was a necessary consequence of dynamical 
molecular theory. 

The change of dimensions, thus imagined and justified, 
is gradually coming to bo accepted as certainly true; 
anil it is interesting to note that a sphere in motion, 
by reason of being subject to this amount of distortion, 
still retains its propisrty of being the simplest geometrical 
body, so far as the distribution of its electric field is con- 
cerned. True, it is thou no longer a sphere; but no 
imuisuring itistnimont could possibly show its distortion, 
bccjiuse all standards of measurement would share it. It 
is n remarkalile thing that this imperceptible and un- 
meiumvahle uniform distortion of all matter should over 
have been discovered : nothing but an ethereal process 
could have dragged it to light. Nevertheless dragged to 
light it has been, by the combined testimony of electrical 
theory aj»l of optical experiment. 


APPENDIX M. 

Constitution of Electrons. 

In coutimuition of the subject treated of in appendices 
K anti L we may consult Larmor, Phil. Tram. 190a 
(April, IH97), pp. 225-8. In Jitker and Matter (1898), 
ch. xi., Im substituted an improved (dynamical) investiga- 
tion. applicable to a system of molecules in the most 
complicated motion, wherein ho claims to cover all 
{KiHsibbt (uwcH, on tho single hypothesis that the electrons 
in an attim are at distances apart compared with which 
tho diamet4irH of their structure are very small, so that 
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uniform convection of a Hy-stom at any Hpcwl Imwtivtsr 
high should show no internal inilui'iK'c, ‘pnu'idt'tl the c, in- 
stitution of matter is wholhj ol(‘.ctri('., i.i‘. provided aloms 
are active only through the aitlie.r. The very imiiurluut 
(because purely electrical) experiment of 'rrouton and 
Noble is a case in coufirnudiun. >So in the alisence 
of influence on either of the two phenoineim,, magnetic 
rotation and double refraction (Ihiyleigh and Brace). 

It is true that this way of explaining the ahHcnco 
of any second order aberration-eUi'ct was nnadved with 
scepticism by Poincard (Paris Oongn>H.s, 1!UU)), %vh<iHo criti- 
cism was that if in future the third onlcr etrect alwj 
needed annulment some now artificial arrangement could 
still be added on, to do even that. 'Phe renult of th« 
argument has now, however, gaitu'd the independent 
support of Loreutz (1904), whoso investigaf ion has sug- 
gested, what in fact is easily verified, that lairinor’s 
work proves to bo exact: his rt^siih'f ion to the second 
order being unnecessary. Ho was hardly couccrneil, how- 
ever, to go further, since the hypoihesi.s of the irdiiiitcMimid 
eflfectivo size of the electron already limited the tnvcHli- 
gation, — nor does it soom that Ijonuitz’s work really carries 
the matter further. Ijarmor's attitude has hceii all along 
(Phil. Mag., Juno, 1904), that this provisional hyiHithcNis 
holds the lield until some elh’et of uniform convection 
presents itself: every new negative rcsttlt. is a steady 
corroboration of it; hut like any other physietd repre- 
sentation it must ultimately reach the limits of its appli- 
cation. 

Only negative electrons are known in tie- free slatt'. 
It remains unsettled whether this is tine hi some one- 
sidedness in the expt^riuiental means hilh.-rto cmployi-il, 
or whether physical nature is in reidity inf riimically \m- 
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singularity (beknottedness) of dimension large compared 
with the negative, it would be but a feeble agent in the 
transformation of energy, and thus could readily escape 
detection. Of. Oilier and Matter, § 122. But the 
absolute structure of an electron is probably very unlike 
the distributions of electric charge on spheres and ellip- 
soids that have hitherto been taken to represent it. 

The theory of a simple molecule appeared for the first 
time in Phil. Trane., 13th August, 1894, pp. 806-818; 
inertia purely electric, on p. 807 ; estimate of size and 
dimensions, and electrodynamics of orbital motions, on 
p. 814; Hall effect, etc., on p. 815. There does not 
appear to be anything in Lorentz’s papers, either of 1892 
or 1895, to correspond to the ideas there introduced. 

With refei'ence to a theory of the Zeeman effect: the 
simplest type of illustrative system, amenable to calcu- 
lation, would be a statical one, in which the electrons 
would all vibi'ate round positions of stable equilibrium. 
But this requires extraneous supporting force, if they are 
in empty space. A definite subdivision of the periods 
has been worked out for J. J. Thomson’s statical illustra- 
tion, in which this innate instability of a statical system 
of negative electrons (Earnshaw’s theorem) is obviated 
by supposing them inside a region of continuous positive 
electrification, — which may be taken to represent the posi- 
tive electron. If the volume density of this is small, the 
resulting stability will be but slight, and a small displace- 
ment will upset the system and lead to its break-up ; — 
which is unlikely, perhaps unreasonable. 

But here, as before, it is only isotropic configurations, 
in the same sense as in the hydrokinetics of solids in 
fluids, — namely, those with which an associated quadratic 
function must be wholly isotropic, including the configura- 
tions of the regular solids. — that snlit the lines definitelv 
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instead of utieroly broadening them: other typen will only 
do so when they are all similarly orientated the in- 
ducing magnetic hold. 

The experimonts of Kaiifmann held out a hopt^. that 
we should get to know something <h^finite aliout intrinsic 
electron structure. They have proved snflieiimtly the 
fundamental fact that a free electron lias no tndepeu<lent 
material sub-stratum: they have made it vvty prohithle 
that it may be provisionally reprementod m a ri^gion of 
electricity sphoricidly Btratihed: also tliat convection of 
an electron does not ailbct the vohitm^ relations of this 
distribution (Buchoror); but unfortunately it Inw not 
proved possible to push on th<^ priHusion of the experi- 
ment so as to gat itrformation beyond tins. 

We must still be content to treat the eleetrim as a pointy 
or at most m a spherical electric aggregate of some sort 
whose volume does not undergo shrinkage. But the in- 
direct evidence afforded by the entire abience of ttonviad/ion 
effects of many kinds, such as the earth’s motion might 
be supposed to excite, is strongly in favour (ff the pro- 
visional theory that the ultimate elcrnente of which 
atoms are constituted are— in their dynamitMiI rclid-ions— 
purely afchcrcsal struetures of some siui which proliably 
we cannot yet adotiuately imu^inw 
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